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General introduction
1.1 Introduction
The increasing demand for the detection o f ions and molecules has led to the development of 
very elegant electrochemical methods in analytical chemistry. In particular biosensors are 
receiving much attention because they are characterized by an excellent sensitivity and 
selectivity towards the substance o f interest.1 These sensors involve enzymes, which in most 
cases catalyze redox-reactions whose reaction rates are proportional to the substrate 
concentrations. The process can be monitored directly if  either the reactant or the product is 
electroactive, e.g. in the case o f the Oxidase enzymes the consumption o f oxygen or the 
formation o f hydrogen peroxide can be measured. In other cases changes in the redox-state of 
the enzyme have been used to detect analytes. In order for the latter to occur communication 
between the active site o f the enzyme and an electrode is required. Extensive research has 
been carried out to study the electrochemical behaviour o f small redox-proteins,3 such as 
dehydrogenases,4 ferritine, cytrochrome-c and other heme containing enzymes.5 In most 
biosensors mediators are used to achieve communication between the enzyme and the 
electrode; only a few examples o f direct electronic contact with a plain electrode have been 
reported.5 Much research is focused, therefore, towards the development o f conducting 
organic polymers with special physico-chemical properties in order to establish 
communication between larger redox-enzymes and electrodes.6 With the objective to obtain
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conducting materials, new methods have been exploited to prepare well-organized micro- and 
nanosized macromolecular structures. Recent examples include the preparation of 
nanostructured materials from monolayers and multilayers, the formation o f thin films in 
matrices and the use o f porous membranes as templates for confined polymerization of 
monomers. It can be expected that with these techniques electrical circuits and perm-selective 
membranes can be produced and possibilities are also foreseen in the field o f biomaterials and 
(bio)sensors.
In this chapter first an overview will be presented o f conducting polymers prepared in 
confined space, which may be future candidates for application as (nanosized) materials in 
biosensors. Then the previous work on the glucose sensor developed in our laboratory will be 
discussed. Finally, the scope o f this thesis will be given.
1.2 Conducting polymers prepared in confined space
A relatively simple method to make arrays o f conducting polymers with well-defined size and 
properties involves the use o f Langmuir-Blodgett techniques. Using the self-assembling 
properties o f the polymers multilayers can be obtained with a high degree o f order at the 
molecular level, which leads to improved electrochemical properties, i.e. enhanced 
conductivity.8,9,10, 11,12, McCullough and co-workers have made ultra thin films o f amphiphilic 
regioregular polythiophenes using such self-assembling methods.13,14 For this purpose, bis- 
thiophene monomers bearing an alkyl chain and either a charged headgroup or an ethylene 
glycol chain were synthesized. The polymers obtained from these monomers (Mn = 12000, D  
= 1.3) were spread on the water surface in a Langmuir-Blodgett (LB) trough and compressed. 
In this way oriented monolayers o f polythiophenes with high conductivities (500 -  750 S/cm) 
were prepared, which could be transferred onto patterned substrates to form a polythiophene- 
based microchip. When the monolayers in the LB-trough were compressed beyond their 
collapse points, wire-like structures possessing nano-scale diameters and micrometer length 
were spontaneously formed.15 Bundles o f wires placed between gold electrodes were found to 
be highly conducting in their doped states. Similarly, monolayers o f conducting polymers 
could be prepared on gold and on platinum electrodes. Thin conducting films have also been 
synthesized by immersing a gold electrode in a solution o f sulfur-containing polymers, such as 
poly(3-octylthiophene).16
2
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17Mandler et al have described the preparation o f a conducting polymer from protonated 
aniline molecules that had been electrostatically attracted to a negatively charged self­
assembled monolayer o f w-mercaptododecanyl sulfonate on a gold electrode. This monolayer 
of aniline was electrochemically polymerized yielding a material, which displayed electrical
conductivities comparable to that o f conventionally prepared poly-aniline (PANI). Other
18researchers have covalently attached sulfur-containing monomers such as thiol-
18 19 20functionalized pyrrole , bithiophene and 4-aminothiophenol (4-ATP) to a gold electrode.
21Shannon has studied a two component self-assembled monolayer (SAM), consisting of 
electroactive 4-ATP and the insulating compound n-octadecanethiol, which at low 4-ATP 
concentrations leads to the formation o f electroactive domains. These surface-confined areas
were used to perform localized electrochemistry, since they can act as a nucleation site for the
22polymerization o f aniline from solution. Milella followed another procedure. He first 
prepared a monolayer o f the oxidant ferric stearate, which was then exposed to pyrrole vapor. 
This exposed layer was found to trigger the formation of polypyrrole (PPY) clusters.
23A different approach was used by Whitesides group. They synthesized a patterned 
hydrophobic SAM of octadecylsiloxane on a surface o f Si/SiO2 and glass containing hydroxyl 
functions. Immersion o f this SAM in a polymerization bath, containing pyrrole or aniline 
monomers and oxidant, produced films o f conducting PPY or PANI on the hydrophobic parts 
of the SAM. The smallest domains that could be prepared were ca. 2 ^m in diameter (Figure
1.1). Applications o f these materials can be foreseen in the field o f liquid crystal displays
24(LCD). Wrighton et al. have shown that the adhesion o f patterned conducting polymers on a
25surface can be controlled with the help o f a photosensitive SAM, which acts as a template. 
Starting from CH2N 2 a patterned surface o f polymethylene on a gold surface was 
microfabricated. Subsequently, aniline was electrochemically polymerized in between the 
polymethylene domains, which eventually led to the formation o f conducting circuits with 
sizes up to 1 ^m .26
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Figure 1.1 Scanning electron micrograph-images o f patterned microstructures o f  polypyrrole 
deposited on glass slides containing printed SAMs as the surface. The dark regions consist o f  
conducting polymer.
An other elegant way to produce conducting polymers in a confined area or space is the use of
27,28zeolite and sol-gel materials as matrices. Kanatzidis ’ intercalated PANI in a V2O5 xerogel 
to form a layered conducting composite. The process proceeds at room temperature whereby 
the aniline monomer polymerizes oxidatively inside the pores o f the vanadium oxide xerogel, 
which also acts as the oxidant, to produce a free standing composite with a resistance o f 0.5 Q- 
1cm-1. Recently, a one-step assembly o f a conducting polymer inside a xerogel was
29published. By mixing a water-soluble polyaniline with a wet V2O5 gel and dip-coating this 
mixture onto a glass surface, a freestanding film was obtained. XRD-data showed that the 
material was well defined and comparable to hybrid composites prepared by in situ
27intercalation/polymerization o f aniline in a xerogel. Also polypyrrole has been incorporated 
inside a vanadium oxide-gel and the interaction between this polymer and V2O5 has been
30 31investigated. Other crystalline-layered host matrices that have been used are clays, e.g.
32 33FeOCl and a-RuCl3. A detailed overview o f conducting polymers inside inorganic solids
has recently appeared in the literature.34
The growth of PANI into silica-based materials has been described recently.35,36 A sol-gel 
matrix was synthesized by hydrolyzing tetraethyl orthosilicate (TEOS) on an indium-tinoxide
4
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(ITO) electrode. PANI was grown electrochemically inside the pores o f this matrix to form 
conducting tubules. The synthesis o f hybrid polypyrrole-silica materials has been reported by
37Chemini who used commercially available silica gel particles as the template for the growth 
of conducting polymers. Pretreatment o f the silica with aminopropyltriethoxysilane (APTES) 
increased the total amount o f polypyrrole in the composite. The electrical conductivity o f this 
material was three orders o f magnitude higher than that o f particles that had not been 
pretreated. When porous vycor glass (PVG) was used, conducting polypyrrole-glass
38nanocomposites were obtained. Due to the dimensions o f the pores inside the glass 
crosslinking was precluded and only linear chains o f polypyrrole were formed.
39Not only inorganic solids can be used to form nanocomposites. Wegner and coworkers have 
prepared thin conducting films o f polythiophene inside a matrix o f alkyl cellulose. Oriented n- 
butylcinnamoyl cellulose was deposited on a conducting substrate and crosslinked to form a 
rigid matrix. Thiophene monomers were allowed to diffuse inside this matrix and were 
subsequently polymerized electrochemically to form microdomains o f polythiophene. In order 
to prepare anisotropically semiconducting films inside an insulating matrix,40,41,42 Weiss and 
coworkers43 polymerized pyrrole in situ  in the ionomeric microdomains o f a sulfonated 
diblock copolymer. The electrical conductivity o f this blend appeared to be anisotropic, 
varying two orders o f magnitude when measured parallel and normal to the plane o f the film. 
Transmission electron microscopy revealed that the resulting material had a lamellar structure 
(Figure 1.2).
Figure 1.2 Transmission electron micrograph o f a cross-section o f a lamellar composite prepared by 
Weiss. Dark regions consist o f  polypyrrole.
In the field o f microelectronics there is a great interest in developing conducting wires with 
nanometer-sized dimensions. Martin et al44,45 used a template approach to produce conducting 
fibrils and conductor/insulator/conductor composites within the pores o f a commercially 
available track-etch membrane. Fibers with an outer core o f polystyrene surrounding an inner 
microwire o f polypyrrole have been prepared in this way, mimicking an electric wire at a
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microscale.46 A very elegant procedure for preparing molecular wires has been described by
47Eichen, who used a DNA network as a biological template in their synthesis. A positively 
charged poly(p-phenylene vinylene) (PPV)-precursor was allowed to self-assemble on the 
surface o f negatively charged DNA-molecules and after heating a wire o f PPV was formed 
(Figure 1.3).
Figure 1.3 Atomic force microscopy image o f a PPV-wire, which was prepared using DNA molecules 
as a template. The wire connects two electrodes, which are 12 jim apart.
Another procedure for synthesizing polypyrrole wires has been reported by the group of 
Jérôme.48,49 An insulating layer o f polyacrylate was first grafted on an electrode. The polymer 
was subsequently swollen in DMF after which pyrrole was electrochemically polymerized 
within this matrix. In this way polypyrrole wires with diameters o f 600 nm and lengths up to 
300 im  were obtained (Figure 1.4). All wires had an annular structure, which probably was an 
imprint o f the insulating polyacrylate film. A combination o f Langmuir-Blodgett and 
electropolymerization techniques has been used to form conducting wires (diameter: 0.5 im )  
of polypyrrole, which bridge across an insulating substrate over a range o f 50 im .50
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Figure 1.4 Polypyrrole wires synthesized electrochemically using polyacrylate as a template by 
Jérôme et al.48’4 Average diameter o f the wires is 600 nm.
An interesting procedure for preparing polypyrrole wires has been presented by Marinakos et 
a l 51. First, gold particles were trapped within in the pores o f an Al2O3 membrane to from a 1- 
D array o f objects; these were subsequently wrapped in a polypyrrole matrix. After dissolving 
the Al2O3 matrix strings o f gold particles inside a conducting polymer were obtained. A
52scanning micro-needle was used by Shiratori to electrochemically polymerize pyrrole at a 
small scale. The formation and properties o f the polypyrrole fibers was shown to be dependent 
on the applied potential and the scanning velocity o f the needle. The obtained polymers had 
diameters o f 10-200 im  and showed conductivities up to 200 S cm-1. This method may be 
regarded as writing on a microscale with a micro-sized pen in which polypyrrole acts as the 
ink. A special kind o f wires are the polypyrrole towers fabricated by Schuhmann and co-
53workers (Figure 1.5). These three dimensional structures were obtained from a polypyrrole 
solution with the help o f a scanning electrochemical microscope (SECM). The tip o f the 
microscope acted as a counter electrode and a gold surface was used as the working electrode. 
Freestanding polypyrrole towers possessing heights up to 200 im  and an average diameter of
70 im  were generated in this way. The main goal o f this research was to prepare electrodes 
with increased surface areas and possible applications in the field of biosensors were foreseen 
by these authors. Heinze and co-workers54 also used SECM for the electroless deposition of 
conducting polymers. Other groups have used scanning tunneling microscope (STM) 
techniques to directly electropolymerize monomers, e.g. aniline and pyrrole on a nanometer- 
scale.55,56 Another report describes the electropolymerization o f pyrrole and aniline on a 
highly orientated pyrolytic graphite (HOPG) surface using an atomic force microscope (AFM)
7
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tip as the working electrode. This led to the formation nano-patterned structures. These 
methods show that it is possible nowadays to make well-defined structures o f conducting 
polymer with nanometer dimensions. These structures can be useful in the preparations of 
nanosized electrodes and sensor devices.
Figure 1.5 SEM micrograph o f a polypyrrole tower deposited with a 10 jim diameter platinum 
microelectrode.53
An area o f special interest with respect to the subject o f this thesis is the templated synthesis
57 58of conducting nanotubes using commercially available track-etch membranes as matrices. ’ 
This method was first published by Martin et a l59 in 1989. Track-etch membranes contain 
linear, cylindrical pores in which pyrrole, 3-methylthiophene and aniline60 can be chemically 
polymerized. The synthesis is accomplished by allowing the track-etch membrane to separate 
a solution o f the monomer and a solution o f an oxidant, in most cases ferric chloride. 
Polymerization yields a polymer, which precipitates on the inner surface o f the pore, forming a 
conducting hollow nanotube. The formation o f these nanotubes is a result o f electrostatic 
interactions between the positively charged polymer that is generated and the anionic sites on 
the pore walls.61 The thickness o f the layers inside the pores appears to depend on the 
polymerization time. The maximum thickness that could be obtained was 200 nm. Further 
studies revealed that the conductivity o f the polymers inside these tubes was significant higher 
than those o f polymers prepared without a track-etch membrane template.62,63,64 This 
conductivity depended on the diameter o f the pores and on the temperature at which the 
polymerization was performed. Large diameter nanotubes displayed a conductivity 
comparable to that o f bulk polypyrrole, whereas small diameter tubes possessed a one order of 
magnitude higher conductivity. At low reaction temperatures, the polymerization occurred in a 
more controlled fashion, leading to more a,a-coupling in the case o f pyrrole and 3-
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methylthiophene. Spectroscopic evidence has shown that the polymer chains in the outer layer 
covering the surface o f  the pores are aligned preferentially parallel to the axes o f the fibers. 
The inner layer o f conducting polymer, lacking interaction with the negatively charged 
membrane is more disordered, leading to a decrease in conductivity in the case o f nanotubes 
with thicker walls (Figure 1.6).62,64
Figure 1.6 Anatomy o f template synthesized tubules. (A) Small diameter tubule. (B) Large diameter 
tubule.
The group o f Demoustier-Champagne has found that the use o f commercial track-etch 
membranes results in cigar-like nanotubules with striations on the sides o f the tubules (Figure
1 7) 65,66
Figure 1.7 Scanning electron micrograph o f typical polypyrrole tubules prepared by the group o f 
Demoustier-Champagne. 65,66
These striations were proposed to be a result o f the crystalline structure o f the commercial 
track-etch membranes. The authors demonstrated that it is possible to obtain similar
9
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conducting nanotubules by an electropolymerization instead o f an oxidative polymerization 
reaction o f pyrrole inside the pores o f the track-etch membrane.67,68 The influence of the 
counter ion of the oxidative catalyst as well as the diameter o f the pores o f the track-etch 
membrane on the template polymerization was also investigated. The morphology o f the 
polypyrrole tubules inside the track-etch membrane has been studied by the group o f Nolte 
using scanning electron microscopy and scanning tunneling microscopy.69,70 The surface of 
the nanotubules was found to be strongly corrugated with long ditches up to several 
nanometers deep.
The templated synthesis o f conducting polymers o f the types discussed in the previous 
paragraphs has led to applications in the field o f separation technology. The electroactive 
properties o f the polymers have been used to modulate the transport o f ions across
71membranes. Gated ion-membranes containing conducting polypyrrole were first developed
72 73by Murray and Burgmayer. , They showed that the oxidation state o f the polypyrrole inside
71,74the pores o f the membrane determined the permeability for ions. The group o f Wallace ’ 
further explored these membrane systems to control the transport o f a variety o f ions and 
charged molecules, ranging from chloride ions to proteins. Myoglobin and human serum 
albumin could be separated in this way by taking advance o f the difference in isoelectric 
points o f these proteins.
Conducting polymers inside track-etch membranes have also been used for the selective 
transport o f gases. The selectivity o f the membrane towards oxygen and nitrogen could be
75tuned by changing the type o f conducting polymer. Partially oxidized polypyrrole appeared 
to have an oxygen vs. nitrogen gas-transport selectivity coefficient o f 18 .76 Capped 
polypyrrole microcapsules have been prepared by Martin et a l via the track-etch membrane
77templated synthesis. Enzymes like glucose oxidase, catalase, trypsin could be immobilized 
inside these capsules with retention o f their enzyme activity. These enzymes did not leach 
from the capsules while substrates and products were able to diffuse through the polymer 
walls. Lakshmi has reported an interesting application o f polypyrrole coated track-etch
78membranes. He used these membranes to achieve separation o f enantiomers. For this 
purpose, different apo-enzymes were immobilized inside capped polypyrrole-coated tubes 
(capsules) and used as substrate selective carrier to increase the flux o f molecules over the 
membrane. In the case o f the apo-enzyme o f D-amino acid oxidase, D-phenylalanine was
10
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transported up to 4.9 times faster than L-phenylalanine across the membrane. The templated 
synthesis approach o f conducting polymers was used by Granström and co-workers to develop
79nanometer-sized polymeric light-emitting diodes based on a track-etch membrane. These 
diodes were made in the form of a sandwich structure in which conducting fibers in the 
membrane act as hole-injecting contacts, a poly(3-(4-octylphenyl)-2,2’-bithiophene) as the 
light emitting layer and a film o f calcium-aluminum as the electron injector. In this way light 
emmiting diodes (LED) were produced with a diameter o f 100 nm.
1.3 Amperometric glucose sensors
Most o f the biosensors developed to date for measuring glucose make use o f the redox- 
enzyme glucose oxidase (GOx; ß-D-glucose:oxygen 1-oxido-reductase, E.C. 1.1.3.4).80 This 
homodimeric glycoprotein has a molecular weight o f 160 kDa and a slightly elongated 
globular structure. It belongs to the class o f flavoproteins and catalyzes the oxidation o f ß-D- 
glucose in a highly specific manner.81 The structures o f glucose oxidases from different
sources have been elucidated in the past years and their crystal structures have made it
82possible to get a better insight in the working mechanism of this enzyme (Figure 1.8).
A B
Figure 1.8 A) Crystal structure o f glucose oxidase. B) Flavin adenine dinucleotide (FAD).
Flavin adenine dinucleotide (FAD, Figure 1.8B) acts as the co-factor o f glucose oxidase. This 
molecule is tightly bound (Ka = 1010 M-1) inside the protein, one per monomer. The active site 
of the enzyme is only accessible through a deep funnel-shaped pocket with an opening o f 10 x
11
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Â 83at the enzyme surface. As for other flavo-enzymes, the catalytic cycle can be divided 
into two reaction steps. The first half-reaction involves the oxidation o f ß-D-glucose to 5- 
gluconolactone by hydride transfer from the substrate to the flavin-moiety (FAD, Scheme 1.1). 
The product is subsequently hydrolyzed non-enzymatically to gluconic acid. In the second 
reaction step FADH2 is re-oxidized, whereby two electrons and two protons are transferred to
84molecular oxygen, yielding hydrogen peroxide.
Scheme 1.1 Oxidation o f glucose by Glucose Oxidase.
H2O2
O2
Although the enzyme consists o f two identical subunits, the enzymatic activity requires their 
tight association. The latter is realized by a strong interaction between the surfaces o f the 
monomeric units. It was shown that the reduction o f the FAD results in a local reorganization 
in the enzyme, viz. the transformation o f a random coil to a ß-sheet structure in the two
85subunits at their interfaces. Further studies have elucidated the precise mechanism of the 
enzyme action and by solving the structure o f the substrate-binding pocket also insight was 
obtained in why the enzyme is so selective for glucose.86 Various attempts have been made to 
achieve direct electron transfer between the active center o f Glucose Oxidase and an electrode. 
Since the co-factor is localized deeply inside the protein with the shortest distance to the 
surface being 13 Â, it was thought to be unlikely that such a communication would be
87possible. Calculations have revealed, however, possible pathways that can facilitate this
83electron transfer process.
Amperometric glucose sensors can be divided into three major groups, based on the
80,88differences in the electron transfer process from the enzyme to the electrode. ’ The first and 
most commonly used group (first generation sensors) encompasses glucose sensors, which 
measure the glucose concentration by recording the amount o f hydrogen peroxide produced or 
the amount o f oxygen consumed during the oxidation o f glucose by the enzyme glucose
89oxidase. The hydrogen peroxide detecting sensor, in most cases, has a glucose oxidase 
containing membrane, which is immobilized onto an electrode. Glucose and oxygen diffuse
12
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into this membrane where the enzymatic reaction produces hydrogen peroxide. This reagent in 
turn diffuses to the electrode where its oxidation to oxygen and water generates an electrical 
current, which is proportional to the glucose concentration. Important advantages o f this type 
of glucose sensor are the easy fabrication and the possibility to construct small-size devices. 
The oxygen-detecting sensor also has a membrane containing immobilized glucose oxidase, 
which is coupled to an electrochemical oxygen sensor.80,88 Glucose and oxygen diffuse 
through a membrane and react with each other, resulting in a reduction o f the amount of 
oxygen at the sensor site. A second electrode without the enzyme acts as a reference and the 
difference in signal is a measure o f the glucose concentration. An advantage o f the oxygen- 
based enzyme electrode is the low electrochemical interference by other chemicals because the 
nonporous hydrophobic membrane only allows gaseous molecules to reach the electrode.
The second group o f amperometric glucose sensors makes use o f artificial electron carriers to 
shuttle the electrons from the reduced active site o f glucose oxidase to the electrode (second 
generation sensor). Especially ferrocene80,90 and group VIII metal complexes91,80 are widely 
used in these kind o f sensors. The oxidation o f the mediators can be performed at a lower 
potential than that o f hydrogen peroxide, thus lowering electrochemical interference by other 
compounds. The major drawback o f these sensors is the toxicity o f the used mediators, which 
in most cases are not covalently linked to the electrode.
A special class o f amperometric glucose sensors is based on the principle o f direct electron 
transfer between the enzyme and the electrode (third generation sensor). Conducting organic
92salts have been used in the construction o f these sensors. The question arises whether this 
type o f sensor really is a third generation sensor or whether the toxic salts partially dissolve in 
time and act as a soluble mediator between the enzyme and the electrode. Other groups have 
also claimed direct electron transfer for their devices. They used modified gold93 or carbon94 
electrodes for their sensor devices in order to prevent denaturation o f the protein. A different
method has been published by Aizawa et al95 who deposited a complex o f glucose oxidase
2+with Cu ions onto an electrode via electrochemical reduction of the latter ions. 
Encapsulation o f the enzyme in a matrix o f polypyrrole and poly(N-methylpyrrole) has also 
been reported to result in a third generation glucose sensor.96 The evidence for the actual 
existence o f a direct electron transfer mechanism and the necessary blank experiments are
13
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lacking for the sensors mentioned here. Also no data is presented on the stability o f these 
sensor devices as a function o f time.
Koopal o f the group o f Nolte was the first to incorporate glucose oxidase enzymes in track- 
etch membranes.97,98,99 Pyrrole was polymerized chemically inside the pores o f these 
membranes to give hollow conducting microtubules. Subsequently, glucose oxidase was 
immobilized inside these conducting microtubules and it was shown that the enzyme retains 
its catalytic activity. This immobilization was achieved because o f electrostatic interactions 
that are possible between the positively charged polypyrrole and the negatively charged 
enzyme. STM studies revealed that the interior o f the pores contained corrugations, which had 
dimensions complementary to that o f the size o f glucose oxidase.69 Fluorescence experiments 
suggested that the enzyme only adsorbs at the interior o f the tubules. The track-etch membrane 
was used as the working electrode in an amperometric glucose-sensor (Figure 1.9).
Figure 1.9 (A) Track-etch membrane containing polypyrrole as prepared by Koopal et al.70 (B) 
Surface view. (C) Cross-section o f the polypyrrole nanotubules. (D) Glucose biosensor.
It was shown that this sensor can detect glucose at an applied potential o f 350 mV vs. 
Ag/AgCl. A unique working mechanism was proposed for this biosensor based on direct 
electron transfer between Glucose Oxidase and the conducting polymer (Scheme 1.2). Since
14
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then, other groups have also applied this concept for the preparation o f glucose sensors 
starting from track-etch membranes.100,101
Scheme 1.2 Proposed working mechanism o f the glucose sensor developed by Koopal et al. 
Glucose
Gluconolactone
1.4 Outline of the thesis
The aim of the research described in this thesis is to optimize the biosensor developed by 
Koopal et a l in such a way that it can be used as an implantable device for the detection of 
glucose in vivo. A further objective is to find evidence for the proposed mechanism of direct 
electron transfer between the reduced Glucose Oxidase and the conducting polymer. 
Experiments to improve the track-etch membrane sensor are described in Chapter 2. New  
evidence is presented in support o f the direct electron transfer mechanism. Possibilities to 
stabilize the sensor as well as to increase its sensitivity and selectivity are also described in 
this chapter. In Chapter 3, a study concerning the electrochemical stability o f polypyrrole in 
the biosensor is presented. Experiments reveal that polypyrrole as an electroactive component 
in (bio)sensing devices can only be used for a short period o f time (viz. < 1 day). Possible 
mechanisms for the degradation of this conducting polymer are proposed and alternatives for 
polypyrrole are presented. Poly(3,4-ethylenedioxythiophene) appears to be an attractive 
candidate to replace polypyrrole for these applications.
Experiments described in Chapter 4 show that poly(3,4-ethylenedioxythiophene) nanotubules 
are a suitable matrix to immobilize glucose oxidase and that these tubules can be used to 
construct a working glucose sensor. Furthermore, evidence is presented that this biosensor 
operates on the basis o f direct electron transfer between the enzyme and the conducting 
polymer. Several possibilities are given to further improve the properties o f the sensor. 
Chapter 5 presents initial results aimed at the development o f a glucose sensor, in which the 
enzyme or its co-factor is covalently linked to an electrode to facilitate efficient electron 
transfer.
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Biosensors require a protective coating. The preparation o f such a coating based on sol-gel 
hybrid-materials is described in Chapter 6 . The biocompatibility o f these coatings has been 
examined in vitro as well as in vivo. Glucose measurements with various coated glucose 
sensors have been performed in order to find out what material would be the most promising 
coating for future in vivo implantations. Chapter 7 describes initial studies towards the 
preparation o f an alternative biocompatible coating based on polystyrene copolymers with 
pendant phosphorylcholine and tetraethylene glycol side chains. Cell culture assays and cell 
morphology experiments have been performed in order to determine the in vitro 
biocompatibilities o f the polymer coatings.
Finally, in Chapter 8 implantation studies on a glucose sensor working via the detection of 
hydrogen peroxide are presented. The cellular reaction to implanted sensors and the 
consequences for their performance have been investigated. Leads to the mechanisms 
involved in the deactivation o f the sensors are given. Especially, the effect serum and 
polymorphonuclear granulocytes have on the sensor characteristics and on the action of 
Glucose Oxidase are discussed. The implications o f these studies for future sensor-design are 
mentioned.
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Chapter 2
Optimization of the polypyrrole-based glucose sensor
2.1 Introduction
The previously reported third generation biosensor based upon polypyrrole-coated track-etch 
membranes,1 gives a stable signal over a period o f fourteen days when applied under 
continuous operation for in vitro glucose measurements (see also Chapter 1). This biosensor 
has a sensitivity o f approximately 100 nA/mM under the conditions o f steady state 
measurements. For this glucose sensor a unique working mechanism was proposed based on 
direct electron transfer between the enzyme glucose oxidase (GOx) and the conducting 
polymer (Scheme 2.1). For monitoring industrial processes like fermentation, a selective 
sensor is required, which is stable for a prolonged period o f time. For in vivo measurements 
apart from stability other even more important requirements apply: different types of 
interfering molecules are present in animals and human, e.g. small amino acids, vitamin-C, 
uric acid, etc. and the sensor has to withstand these components as well as the harsh 
conditions at the site o f implantation.
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Scheme 2.1 Proposed mechanism o f the track-etch membrane glucose sensor. 
Glucose
Gluconolactone
Taken all these requirements into account, this in vivo sensor has to be specific for glucose, 
needs to retain its stability for the time that it is present in the tissue and has to be able to 
detect rapid fluctuations in analyte. Furthermore, the sensor design should be compatible with 
the physical stress that comes from the body. The track-etch membrane sensor developed in 
the Nijmegen Laboratory o f Organic Chemistry seems to be a good choice for future 
implantation studies and the first aim o f the research project described in this thesis was to 
increase the stability and selectivity o f this glucose sensor.
2.2 Results and discussion
2.2.1 Enhancement of sensor stability
It is known from the literature that the tertiary structure o f glucose oxidase can be stabilized 
by multiple electrostatic interactions with charged synthetic polymers or biopolymers like 
polysaccharides. It has been shown that diethylaminoethyl-dextran (DEAE) can enhance the 
stability o f the enzyme immobilized in analytical devices for prolonged periods o f time. It 
was decided therefore, to add this positively charged polysaccharide to a glucose oxidase 
solution in phosphate buffered saline (pH 7.4) prior to immobilization o f the enzyme inside 
the pores o f a polypyrrole coated track-etch membrane. This device, which contains on its 
backside a platinum coating, was placed in a flow cell and a potential o f 300 mV vs. Ag/AgCl 
was applied. After stabilization o f the sensor, the response to glucose was measured. 
Compared to the reference (Table 2.1, entry 1), addition o f DEAE increased the stability o f the 
sensor (entry 2), however, a lower activity was found. This decrease in response may be due to 
a slower diffusion o f the glucose oxidase enzymes in the presence o f high molecular weight 
DEAE during the preparation o f the sensor, leading to the immobilization o f a smaller amount 
of the enzyme into the pores o f the membrane.
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In order to keep the stabilizing effect o f DEAE without losing the full activity o f the glucose 
sensor, a forced-flow immobilization technique was developed in which the solution 
containing the enzyme and DEAE was forced through the pores o f the track-etch membrane. 
To this end, the track-etch membrane was placed at the bottom of a so-called “Amicon cell”, 
which is normally used for the ultra-filtration o f proteins. The GOx-solution containing DEAE 
was placed on top o f the membrane and stirred for at least 30 minutes without any additional 
pressure. Under these conditions the flow o f the enzyme solution through the track-etch 
membrane was measured to be 0.07 ml/min. The activity o f the sensor increased with nearly 
100% and also the stability was significantly improved (entry 3). Applying an additional 
pressure during the immobilization led to an increased flow through the pores (0.5 ml/min, 
Table 2.3, entry 4) and a small further increase in activity and stability compared to entry 3.
Table 2.1 Influence o f polysaccharides on the stability o f a polypyrrole track-etch sensor.
Entry Parameters Activity3 at day 1 Activity3 at day 14 Residual
(nA/mM) (nA/mM) Activity (%)
1 GOx 209 97 46
2 GOx/DEAE 128 112 88
3 GOx/DEAE/low flow rateb,c 323 306 95
4 GOx/DEAE/high flow rateb,d 380 376 99
5 GOx/DEAE/crosslinkedb,e 40 30 75
6 GOx/DEAE/crosslinkedb,f 9 0 0
7 GOx/DEAE/crosslinkedb,g 12 1 8
8 GOx/dextran sulfateb 490 277 56
9 GOx/DEAE/dextran sulfateb 130 114 88
a) Activity measured at 10 mM glucose in a 0.1 Mphosphate buffered saline solution pH  7.4 and an 
applied potential o f  300 mV vs. Ag/AgCl. b) The enzyme was immobilized using the forced-flow 
method. c) Flow rate = 0.07 ml/min. d) Flow rate = 0.5 ml/min. e) see footnote p31; Sodium 
borohydride was used as the reducing agent. f)  see footnote p31; Sodium cyanoborohydride was used 
as the reducing agent. g) The immobilization o f glucose oxidase was combined with the cross linking 
procedure.
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Attempts made to increase the stabilizing power o f DEAE via covalent coupling o f the
*
polysaccharide to the enzyme (entries 5-7) were not successful. The sensitivity o f these 
sensors was lower compared to entry 1 and after two weeks only a small residual activity was 
measured. The reason for this negative result is probably that the tertiary structure or the active 
site o f the redox enzyme is affected by the action o f the oxidizing and reducing agents, 
required for the coupling reaction.
The influence o f a negatively charged carbohydrate on the sensor characteristics was 
investigated by co-immobilization o f the polysaccharide dextran sulfate; however, no 
improvement in sensor stability was observed (entries 8 and 9). Hence, in all following 
experiments, glucose oxidase was co-immobilized with DEAE using the forced-flow method 
(entry 4).
2 .2.2 Selectivity of the sensor
An evaluation o f the selectivity o f the track-etch glucose biosensor has already been 
published.4 No significant response was observed for citrate, fructose, gluconate, lactate, 
pyruvate, urea and uric acid when these compounds were present in relevant millimolar 
concentrations. Only vitamin-C (ascorbate) appeared to be a strong interfering compound for 
the sensor. Any aselective response should be as low as possible for successful measurements 
in vivo; otherwise no reliable signal for glucose will be obtained. Investigations showed that 
apart from vitamin-C, uric acid is one o f the most important interfering molecules when 
performing measurements in serum.5 A sensor prepared by co-immobilizing glucose oxidase 
with DEAE using the forced-flow procedure, was tested with solutions containing different 
glucose concentrations, after stabilization of the background current. The glucose solutions 
were subsequently replaced by a uric acid solution that had a concentration (0.33 mM in PBS) 
comparable with the levels measured in vivo. Typically, the response for uric acid varied 
between 3000 nA for a freshly prepared sensor and decreased to approximately 1200 nA after
1 week. Thereafter, the response for uric acid remained stable for the period during which the 
sensor was used. These results are in contrast with the results published by Koopal.4 The
* After immobilization of glucose oxidase and DEAE, aldehyde groups were generated through partial oxidation 
of DEAE and glucose oxidase using sodium periodate. Subsequently, 1,6-hexanediamine was added as a 
crosslinker and sodium borohydride (5) or sodium cyanoborohydride (6) to convert the formed imines into 
amines.
24
Optimization o f the polypyrrole-based glucose sensor
signal produced by this interfering compound was high compared to the response to glucose 
(400 -1000 nA/mM). The strong aselective response to uric acid lowers the sensitivity o f the 
glucose sensor, which is in agreement with data reported in the literature.6 In the following 
experiments, uric acid was chosen as the test compound to further evaluate the selectivity of 
the track-etch membrane sensors.
Several methods have been developed to eliminate the non-specific response o f glucose
7 8sensors, such as coating the sensor with a protective layer o f cellulose acetate, polysiloxane 
or nafion.9 Also various electrochemical procedures have been applied to reduce the aselective 
oxidation o f interfering analytes at the electrode.10 Another possibility is to over-oxidize 
polypyrrole to form an almost insensitive electrode for electroactive interferents.11 Most 
electrochemical methods use the oxidation o f aromatic molecules to form a selective
membrane at the surface of the electrode. Especially diaminobenzene derivates have been
12applied for this purpose. Polymer films derived from the latter compounds can be 
synthesized electrochemically at a constant potential or by means o f scanning voltammetry; 
they are only permeable for small molecules like oxygen and hydrogen peroxide. To 
synthesize such a protecting membrane, a mixture o f 1,3-diaminobenzene (DAB) and
13resorcinol (RES) was polymerized following a procedure described by Carelli and others. A  
track-etch glucose sensor was placed in a deaerated phosphate buffered solution (pH 6.5) 
containing DAB and RES and several cyclic voltammetric scans were performed from 0 to 0.8 
V vs. Ag/AgCl at a scan speed o f 2 mV/s (Figure 2.1).
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Figure 2.1 Electropolymerization o f 1.5 mM DAB and 1.5 mM RES in a phosphate buffered solution 
(pH 6.5) on the surface o f a track-etch glucose sensor. Scan speed is 2 mV/s.
After each scan the current lowered, which is indicative for the synthesis o f a non-conducting 
polymer at the electrode. After approximately 6 scans the current had diminished to the 
background level and the thickness o f the polymer layer formed was approximately 20-50 nm 
based on literature data.10
A series o f track-etch membrane sensors was subsequently treated via this method and by 
varying the number o f scans, the optimal number required to inhibit the response to uric acid 
was determined. After polymerization, the sensors were placed in a PBS solution (pH 7.4) and 
the sensitivity to glucose (5 mM) was recorded. Subsequently, a 0.33 mM uric acid solution 
was measured (Figure 2.2). Applying 1 cyclic voltammetric scan to the membrane sensor led 
to a reduced response to glucose (±55%). More importantly, the observed signal to uric acid 
was reduced to 5% of the level o f a non-treated glucose sensor. More scans made the sensor 
almost completely insensitive to uric acid, whereas the glucose response remained stable at the 
level o f 55 - 60% of the initial activity.
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Figure 2.2 Residual responses o f the glucose track-etch membrane sensor to 5.0 mM glucose and 
0.33 mM uric acid after electrochemical deposition o f a copolymer o f 1,3-diaminobenzene and 
resorcinol on the track-etch membrane. Responses to glucose (A) and uric acid (B) were measured in 
a PBS buffered solution (pH 7.4) at 300 mV vs. Ag/AgCl.
In a subsequent series o f experiments the concentrations o f 1,3-diaminobenzene and 
resorcinol in the electropolymerization reactions were varied between 0.03 and 3 mM, see 
Figure 2.3. As can be seen in this figure, already at very low concentrations o f the monomers 
an almost complete reduction o f the aselective response to uric acid is obtained.
Concentration of DAB/RES (mM)
Figure 2.3 Influence o f the DAB and RES concentrations in the electropolymerization reactions (10 
scans) on the response o f the track-etch membrane to 0,33 mM uric acid. The residual response is 
given relative to that o f  the non-treated glucose sensor. For the explanation, see the text.
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In order to achieve a completely quantitative suppression o f the uric acid response whilst 
retaining a high response to glucose, several other parameters were varied and other 
monomers were tried (Table 2.2). The best results were obtained using a combination o f DAB  
and RES at concentrations o f 0.15 mM and applying 10 scans at a scan rate of 2 mV/s (entry 
2). It is clear from Table 2.2 (entries 3-5) that a minimum of 4 scans is needed to nearly 
eliminate the sensitivity o f the sensor to uric acid.
Table 2.2 Responses o f track-etch membrane sensors containing various coatings to uric acid and 
glucose.
Entry Monomers3 Concentration 
of monomers 
(mM)
Scan rate 
(mV/s)
Number of Scans Response 
to uric acid 
(%)b
Response 
to glucose 
(%)b
1 DAB/RES 0.03 2 10 30 76
2 DAB/RES 0.15 2 10 0 100
3 DAB/RES 0.3 2 1 30 64
4 DAB/RES 0.3 2 4 1.4 54
5 DAB/RES 0.3 2 10 1 52
6 DAB/RES 3 2 10 1 50-70
7 DAB/RES 3 20 45 0 47
8 DAB/OAP 0.3 2 10 0 35
9 DAB/OAP 3 2 10 4 52
10 DAB/OAP 3 2 10 0 10
11 DAB/OAP 0.3 2 15 18 100
12 RES/OAP 3 2 10 5 75
a) DAB=1,3-diaminobenzene, RES=resorcinol, OAP=o-aminophenol. b) Compared to a sensor 
without coating.
Replacing resorcinol by o-aminophenol (OAP) in the electropolymerization reaction14 resulted 
in polymers, which displayed a reduced response to uric acid. However, while optimizing the 
conditions by varying the DAB and OAP concentrations as well as the number o f scans 
(entries 8-11), it became clear that the protective coatings were difficult to reproduce (entries 
9 and 10). In one case the glucose response was fully preserved (entry 11), but unfortunately, 
the response to uric acid was only partly suppressed. One attempt (entry 12) was made to 
polymerize a mixture o f o-aminophenol with resorcinol; however, this led to a reasonable 
reduction o f the uric acid response.
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A glucose sensor prepared from a polypyrrole track-etch membrane containing co­
immobilized GOx and DEAE and a layer o f the protective DAB/RES polymer was tested in 
continuous operation. Figure 2.4 demonstrates that the perm-selective layer positively 
influenced the long-term stability o f the glucose sensor. The measured signal remained stable 
over a period o f more than 100 days. It is important to note that this sensor was used 
continuously at room temperature in different kinds o f media. The lower response between 
days 8 and 22 is due to tests o f the glucose sensor performed in protein solutions and sera 
during this period. Proteins adsorb from these solutions onto the surface thereby lowering the 
sensitivity o f the glucose sensor. After washing in PBS, the proteins desorbed again from the 
sensor and an increased sensitivity was observed.
Time (days)
Figure 2.4 Long-term stability test o f  a track-etch membrane glucose sensor. Measurements were 
performed in a PBS solution (pH 7.4) containing 4 mM o f glucose at 300 mV vs. Ag/AgCl.
To investigate whether the a-selective response of uric acid could be caused by direct 
oxidation o f this compound at the platinum layer on the backside o f the track-etch membrane, 
the latter was replaced by a layer o f carbon. The reason for this test was that the pores o f the 
track-etch membrane are open as could be seen by scanning electron microscopy.15 This 
implied that the platinum layer was in contact with the buffered solution allowing interfering 
molecules like uric acid to be oxidized at the platinum surface o f the electrode. A polypyrrole- 
coated track-etch membrane was prepared and a carbon layer was sputtered at the back o f this
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membrane. The sensitivity o f this sensor towards glucose appeared to be approximately 100 
nA/mM (Figure 2.5).
Glucose (mM)
Figure 2.5 Plot o f the steady-state current measured at 300 mV vs. Ag/AgCl o f a track-etch membrane 
sensor as a function o f the glucose concentration. The polypyrrole track-etch membrane was coated 
with carbon at its backside and immobilized with glucose oxidase and DEAE. Measurements were 
performed in phosphate buffered saline solution o f  pH 7.4.
Surprisingly, this sensor displayed a high response (2500 nA) to a 0.33 mM solution o f uric 
acid. This indicates that the oxidation o f uric acid does not solely occur at the platinum 
electrode. The sensor was tested for a period o f 12 days to investigate the influence o f time on 
the response to glucose and uric acid (Figure 2.6). The response to the former compound 
initially decreased and subsequently stabilized after a few days, which is in agreement with 
previous results. As proposed by Koopal loosely bound enzyme is washed out o f the pores of 
the track-etch membrane during the first days, which explains the decay and eventual 
stabilization. The signal for uric acid decreased dramatically during the first 4 days. A low  
response to uric acid remained after this period (50 nA). It is known from literature that 
polypyrrole looses its conductivity in water under the applied conditions, i.e. 300 mV vs. 
Ag/AgCl (see Chapter 3). Due to hydrolysis, the conjugation in the polypyrrole chain is lost 
leading to a drop in conductivity.16 This implies that the accessible electrode surface for uric 
acid decreases and as a result a lower response is measured.
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Time (days)
Figure 2.6 Plot o f  the current response to 5 mM o f glucose (A) and 0.33 mM o f uric acid (B) for the 
track-etch membrane biosensor o f Figure 2.5 as a function o f time. The sensor was tested under 
continuously operation in a phosphate buffered saline solution (pH 7.4) at 300 mV vs. Ag/AgCl for 12 
days.
After 10 days o f operation the carbon-coated sensor was tested for response to vitamin-C 
(ascorbic acid), which was previously shown to be a strong interfering compound for the 
track-etch membrane sensors. Vitamin-C (0.11 mM) gave a response o f 160 nA. Compared to 
the response to glucose (160 nA/mM), this is an acceptable value.
2.2.3 Influence of oxygen
For in vivo measurements it is required that the glucose sensor is insensitive to oxygen in 
order to prevent the response to be influenced by changes in the oxygen tension in the body. 
First, the glucose sensor was tested under an aerobic atmosphere (Figure 2.7). Subsequently, 
the possibility o f interference by oxygen was diminished by purging the system with nitrogen 
and by the addition o f a catalase enzyme, which prevents oxidation o f any produced hydrogen 
peroxide at the electrode.1 A strong dependence o f the sensor output on the oxygen 
concentration was observed (Figure 2.7).
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Figure 2.7 Steady-state currents o f a track-etch membrane sensor measured in air and under a 
nitrogen atmosphere at different glucose concentrations. These experiments were carried out in a 
phosphate buffered saline solution (pH 7.4) at 300 mV vs. Ag/AgCl.
This result is in contrast with previous reports by Koopal in which no differences in response 
to glucose were observed between a similar sensor operating under argon and under an 
oxygen-atmosphere.1 It is proposed that the difference in response is caused by residual 
oxygen mediation as shown in Scheme 2.2.
Scheme 2.2 Proposed mechanism o f oxygen mediation in the track-etch glucose sensor. A) Oxygen 
mediation. B) Direct electron transfer.
Glucose
Gluconolactone
GOxo
GOxred
Electrode 
2e
Electrode
2e
A probe (Scheme 2.3) was designed in order to evaluate the sensor characteristics under well- 
defined conditions outside a flow cell and to analyze precisely to what extent oxygen
17mediation takes place. To this purpose a freshly prepared glucose sensor with a platinum
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layer at the backside o f its membrane was attached to the probe. Subsequently a protecting 
copolymer o f DAB/RES was deposited on the surface o f the track-etch membrane by 
performing an electropolymerization reaction as described above.
Scheme 2.3 Probe used to evaluate the oxygen mediation properties o f the track-etch glucose sensor.
Ag/AgCl Track-etch
Electrode Membrane
Platinum
Electrode
The sensor was exposed to an air-saturated PBS solution (pH 7.4), containing 5 mM of 
glucose. A separate oxygen probe sensor was used to correlate the amount o f oxygen present 
near the biosensor with the measured response to glucose. When the oxygen concentration in 
the solution was gradually lowered by purging with nitrogen, a decrease in the glucose 
response was measured (Figure 2.8, from right to left).
Air saturation (%)
Figure 2.8 Oxygen dependency o f  a track-etch membrane based glucose sensor. Measurements were 
performed in a PBS solution (pH 7.4) containing 5 mM glucose at 300 mV vs. Ag/AgCl.
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These results imply that the mechanism of direct electron transfer as proposed by Koopal 
should be questioned. When a sensor without the DAB/RES layer was used, no significant 
difference was observed as compared to the coated sensor. Both carbon and platinum-coated 
glucose sensors were tested with respect to their glucose response under aerobic and anaerobic 
conditions. No differences were observed, from which it can be concluded that the carbon 
coating does not control whether oxygen mediation takes place. In an attempt to increase the 
contribution o f direct electron transfer in favour o f the oxygen mediation, various other 
parameters were investigated.
At lower temperatures the polymerization rate o f pyrrole is lower and more conjugated 
polymer chains are grown because the amount o f a,a-coupling increases.18,19 We compared 
the performance o f track-etch membrane sensors prepared at 4 °C and at 22 °C. No differences 
in response, stability, or oxygen mediation were observed. Next, glucose oxidase samples 
from two different sources were tested and compared. The glucose oxidase from Genzyme and 
Sigma differ in their sugar moieties and activity for glucose (225 vs. 150 IU/mg). When 
glucose oxidase from Genzyme was used, a more stable sensor with a higher response was 
obtained compared with a sensor based on glucose oxidase purchased from Sigma, but the 
relative amount o f oxygen mediation was also enhanced. Since the difference in sugar moiety 
could account for the observed dissimilarities in performance, the carbohydrate was removed 
from the Genzyme sample according to a literature procedure.20,21,22 The modified enzyme 
was immobilized in a track-etch membrane with and without DEAE, but no difference in 
oxygen mediation was observed.
Attempts were made to limit the oxidation o f hydrogen peroxide at the electrode, which 
disturbs the measurement o f glucose, by co-immobilizing catalase or horse radish peroxidase 
(HRP) with glucose oxidase. The current response due to oxygen mediation decreased to some 
extent but also the sensitivity o f the glucose sensors was lowered. The fact that the hydrogen 
peroxide pathway could not be blocked completely may be caused by diffusion o f hydrogen 
peroxide into the polypyrrole layer; where it cannot be oxidized by catalase or peroxidase. 
Drying o f the sensor after immobilization is important to achieve direct electron transfer,4 
therefore this parameter was varied: the immobilized enzyme samples were dried between 1 
and for 5 days, but no distinct effect on the oxygen mediation could be measured. To enhance 
the efficiency o f the enzyme immobilization, the pH of the buffer solution, as well as the type
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of buffer were varied. Different buffers (Acetate, MES) with varying pH’s were used but no 
positive effect, i.e. a decrease o f the amount o f oxygen mediation was observed.
To remove loosely bound enzyme, which will not be able to have direct communication with 
the polypyrrole matrix, the track-etch membranes were post-treated by several methods. 
Firstly, sensors were washed with a phosphate buffer after immobilization of glucose oxidase. 
This procedure had no significant effect on the oxygen mediation except where DEAE was co­
immobilized. It has been reported in the literature that proteins are more tightly bound to a 
surface after treatment o f the immobilized enzyme with hexane, due to changes in their
23tertiary structure. When a track-etch membrane was rinsed with a phosphate buffered 
solution (pH 7.4) and subsequently with hexane, a decrease in oxygen mediation was 
measured. However, only a rather small response to glucose was measured. When the 
membrane was only rinsed with hexane or ethanol, a high response to glucose was observed, 
but no positive effect on the oxygen mediation was found.
2.2.4 Existence of direct communication
Since the previous experiments have raised doubts as to whether direct communication 
between the active site o f glucose oxidase and polypyrrole is possible, a final experiment was 
conducted to resolve this question. It was envisaged that the distance between the enzyme and 
polypyrrole should be minimized for achieving optimal electron transfer. The polymerization 
of pyrrole inside the pores o f a track-etch membrane was therefore combined with the 
immobilization o f the enzyme. The track-etch membrane was placed in a polymerization cell 
separating a solution o f ferric chloride from a solution containing glucose oxidase and pyrrole. 
The reaction was allowed to proceed for 1 minute at 4 °C and afterwards the membrane was 
placed in a flow cell. It is important to note that this sensor had no platinum or carbon layer at 
the backside o f the membrane. A potential o f 300 mV vs. Ag/AgCl was applied to the system 
and the response to various concentrations o f glucose was measured under anaerobic (argon) 
and aerobic conditions (Figure 2.9).
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Figure 2.9 Response to glucose o f a specially prepared track-etch membrane sensor (see text) 
measured after different time intervals in an aerobic and anaerobic (Ar) atmosphere. The 
measurements were performed in a phosphate buffered saline solution (pH 7.4) at 300 mV vs. 
Ag/AgCl. A t 8 mM o f glucose, the anaerobic atmosphere was switched to an aerobic atmosphere 
(arrow).
A response o f ca. 550 nA/mM glucose was observed for this specially prepared sensor. When 
air was purged through the system, a decrease (14 %) in glucose response was found. This 
supports the idea that there are two routes for electron transfer in the track-etch membrane 
sensor: a direct one and a route via hydrogen peroxide (Scheme 2.2). At saturated oxygen 
concentrations the second route plays a role in contrast to what was initially found by Koopal.
24Martin et al24 have claimed that our track-etch membrane device operates by direct 
electrochemical oxidation o f glucose at the platinum film that is coated onto one face o f the 
membrane and not by our proposed mechanism. Our analysis o f their experiments is that they 
have poorly reproduced our sensor devices by using glucose oxidase with a low activity and 
track-etch membranes with a too small pore diameter (0.2 ^m). Furthermore, they applied a 
different immobilization procedure. The experiments described in this chapter show that a 
well functioning sensor can be constructed even without the application o f a layer o f platinum 
at one side o f the membrane. The only conclusion that can be drawn by comparing our data 
with the published experiments o f Martin is that their proposed mechanism of glucose 
oxidation on the platinum layer is not valid.
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The sensitivity for glucose o f the sensor described in this section rapidly declined as a function 
of time. After 2 days only 5-10 % of the initial response was left and this response decreased 
further. A possible reason for this lowered sensitivity may be that the conductivity of 
polypyrrole decreases under the applied conditions, thereby loosing the possibility to transport 
the electrons from the enzyme to the electrode.
2.3 Conclusions
It is shown that the stability o f the glucose sensor based on a polypyrrole track-etch membrane 
can be enhanced when the positively charged carbohydrate DEAE is co-immobilized with the 
glucose oxidase enzyme. Furthermore, the sensitivity o f the sensor to interfering molecules is 
suppressed when a perm-selective coating derived from 1,3-diaminobenzene and resorcinol is 
applied. These changes when compared with the previously constructed glucose sensor, leads 
to an increase in the stability o f the sensor, viz. from 14 to more then 100 days o f continuous 
use. Unfortunately, over time the sensor becomes partially sensitive to oxygen. Experiments 
aimed at diminishing the degree o f oxygen mediation have not been fully successful. The main 
reason for this failure probably is the degradation o f the polypyrrole matrix (see Chapter 3). It 
should be mentioned, however, that the oxygen dependency o f the sensor can be calibrated 
and hence the response to glucose be corrected, making this sensor overall a robust and useful 
instrument for applications in industrial processes. More importantly, it has been demonstrated 
that in the present sensor system, direct communication between the active site of glucose 
oxidase and polypyrrole takes place in the initial stage o f the measurements. However, the 
contribution o f oxygen mediation to the sensor response becomes more important in time.
2.4 Experimental
M aterials and  general methods
Pyrrole was purchased from Merck and was distilled prior to use and stored at -80°C. Ferric 
chloride hexahydrate (98%) and ferric chloride were purchased from Aldrich and used as 
received. Glucose oxidase [E.C. 1.1.3.4] type II (265.8 IU/mg) from Aspergillus N iger was 
obtained from Genzyme. Glucose oxidase [E.C. 1.1.3.4] type X-S (150 IU/mg) from 
Aspergillus N iger was obtained from Sigma. Catalase [E.C. 1.11.1.6] from Bovine liver, 
Peroxidase [E.C. 1.11.1.7] from Horseradish and ABTS were obtained from Sigma.
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Electrodag 412 SS graphite based polymer thick film ink was a gift from Acheson Colloïden 
B.V. (Scheemda, The Netherlands). All other reagents used were of analytical grade. Sputter 
coating was performed with a Balzers Bal-Tec SCD 005 instrument equipped with an 
Edwards RV3 vacuum pump. The platinum target used was 6 cm in diameter and had a 
thickness o f 2 mm. The flowcell was a home-built instrument. The tubings used for the flow  
system were Masterflex 6404-13 (norprene) and were obtained from Applikon (Schiedam, 
The Netherlands). Buffer solutions were driven through the cells at a rate o f 1.2 ml/min 
(Watson Marlow 503S peristaltic pump). The electrochemical measurements were performed 
using an Antec EC Controller or a home-built potentiostat.
Preparation o f  a polypyrrole coated track-etch membrane
The polypyrrole coated track-etch membranes were synthesized according to a literature 
procedure1 with some modifications. Polymerization was achieved with fresh aqueous 
solutions containing 0.6 M pyrrole and 2.0 M ferric chloride. The polymerization temperature 
was 4° or 22 °C. After polymerization, the ferric chloride side o f the track-etch membrane was 
rinsed with water and the excess o f polypyrrole was removed by wiping the surface o f the 
membrane with a tissue.
Application o f  a platinum  layer
Platinum was applied to the backside o f the membrane with a sputter coater. The sputter 
current was 70 mA at an argon pressure o f 0.05 mbar. Sputtering was continued for 100 or 
300 s at ambient temperature. The thickness o f the platinum layer after 300 s sputtering was 
100 nm, which was estimated from the diagrams provided by the sputter coater producer.
Application o f  a carbon layer
Carbon was applied to the backside o f the track-etch membrane with an Edwards 306 carbon 
coater. The sputter current was 70 mA at an argon pressure o f 10-4 Torr. The thickness o f the 
carbon layer was estimated from the diagrams provided by the sputter coater producer and 
amounted to 60 nm.
Standard procedure fo r  the immobilization o f  glucose oxidase
Typically, a track-etch membrane was mounted in an Amicon cell and 10 ml o f a glucose 
oxidase solution (5 mg/ml) with or without DEAE (10 mg/ml) in aqueous phosphate buffered
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saline (PBS, 0.1 M, pH 7.4) was placed in the cell and stirred for at least 30 min at a 
temperature o f 4°C. Subsequently, the membrane was dried overnight over CaCl2 in a 
dessicator at 4 °C. The sensors were stored in PBS (pH 7.4) at 4 °C.
Immobilization o f  glucose oxidase/DEAE conjugates
After immobilization o f glucose oxidase and DEAE in the pores o f a track-etch membrane, the 
sensor was placed in an 10 ml aqueous 0.1 M acetate buffered solution (pH 5.5) containing 20 
mM sodium periodate. The reaction was quenched by the addition o f 30 mg Na2SO3. The 
sensor was placed overnight in an aqueous solution containing 1,6-hexane diamine (10 mg/ml) 
and sodium borohydride (pH 8) or sodium cyanoborohydride (pH 5.5). Subsequently, the 
membrane was dried overnight over CaCl2 at 4 °C. The sensors were stored in PBS (pH 7.4) at
4 °C.
General procedure fo r  the preparation o f  perm-selective polymers
A track-etch membrane with immobilized enzyme was placed in a home-built flowcell. The 
monomers were dissolved in an aqueous 0.1 M degassed PBS solution (pH 7.4) and passed 
through the flowcell at a rate o f 0.05 ml/min. Subsequently, several cyclic voltammograms 
between 0.2 and 0.8 V vs. Ag/AgCl were performed. Afterwards, the membrane was rinsed 
with aqueous 0.1 M PBS (pH 7.4) to remove the excess o f monomer.
One-step polymerization/immobilization procedure
A track-etch membrane was placed in a specially designed vessel in which this membrane 
separates two chambers.1 One chamber contained a solution o f pyrrole (10 ^l/ml) and glucose 
oxidase (5mg/ml) and the other an aqueous 0.1 M PBS solution (pH 7.4) o f ferric chloride 
(0.1 M). The reaction was allowed to proceed for 8 min at 4 °C. After polymerization, the 
track-etch membrane was rinsed with water and the excess o f polypyrrole was removed by 
wiping the surface o f the membrane with a tissue.
Enzyme activity assay
25Enzyme activity was assayed spectrophotometrically. Amounts o f 78 mg (0.14 mM) o f 2 ,2’- 
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) and 3 mg (60 IU) 
of horse radish peroxidase were dissolved in 100 ml o f aqueous 0.1 M aqueous potassium 
phosphate buffer (pH 7.0) and purged with nitrogen for 30 min (reaction buffer). A PBS
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buffer (pH 7.4), containing 12.5 mM o f glucose was allowed to mutarotate for 24 hrs before 
use. The sensor was placed in 2.0 ml o f oxygen saturated PBS buffer containing 12.5 mM of  
glucose and at regular intervals, 100 was mixed with 1.0 ml o f reaction buffer and 
incubated. After 30 min the absorbance at 420 nm was measured.
Amperometric biosensor measurements
To perform amperometric measurements, the glucose sensors were placed in a flow cell 
(Figure 2.10) in an aqueous PBS buffer (pH 7.4) and connected to a potentiostat. The potential 
was set to the desired value. After the background current had diminished sufficiently to a 
stable value, glucose was added to the buffer solution and the resulting current was monitored.
•Track-etch membrane 
(working electrode)
Reference electrode
Figure 2.10 Flow cell used for the amperometric glucose measurements.
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On the stability of polypyrrole and the consequences 
for its use in biosensors
3.1 Introduction
Conducting organic polymers and their composites have been studied intensively as 
electroactive materials in recent years.1 Much work in this field has been focused on 
polyacetylene, polythiophene and polypyrrole. The potential applications o f these polymers 
are rather diverse, e.g. as polymeric batteries, membranes, light emitting diodes, sensing 
devices3 such as muscle-like actuators,4 or as transistor circuits.5 Further applications o f these 
semiconducting organic materials can be foreseen in the field o f lasers.6,7 A convenient 
procedure for preparing polypyrrole is via oxidative (anodic) coupling. Ideally, the monomers 
become a ,a ’-linked with 180° dihedral angles between the monomeric units so as to form 
planar and highly conjugated linear chains. Although the polypyrrole prepared in this way 
possesses quite some defects (a,ß  and ß,ß-linkages) leading to lower conductivities, it is 
suitable for application in biosensors. From the literature it is known that the rate by which
o
pyrrole is polymerized influences the conductivity o f the resulting polymer. When the 
synthesis proceeds in a controlled manner, higher conductivities are obtained. Low reaction 
temperatures lead to improved conjugation lengths in the polymers and hence to higher 
conductivities. Martin et al  have shown that polypyrrole synthesized inside the pores o f a 
track-etch membrane results in more aligned chains, which in combination with a controlled 
synthesis at low temperature, yields a material with conductivities as high as 2215 S/cm.
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One o f the major disadvantages o f polypyrrole is its poor stability, in particular the fact that 
the electrical conductivity decreases at elevated temperatures and higher humidity.10,11,12’13’14 
Hence, numerous articles have been published in which the stability and degradation 
mechanisms o f this polymer have been studied. Several attempts were made to diminish the 
negative effects by varying the reaction conditions during synthesis, such as the 
polymerization rate,15 the electrolyte concentration,16 the ratio o f monomer to oxidant17 and
18 19 20 21 22the influence o f the anion used. ’ ’ ’ ’ It has also been tried to stabilize polypyrrole by
23,24,25preparing composites with non-conducting materials. ’ ’
In the previous chapter it was shown that the polypyrrole track-etch membrane sensor became 
partly oxygen sensitive when it was subjected to a working potential o f 300 mV vs. Ag/AgCl 
in a phosphate buffered solution (PBS, pH 7.4) for a prolonged period of time. It was decided 
therefore to perform a series o f stability tests on the polypyrrole track-etch membrane to 
assess its role in the performance o f the biosensor.
3.2 Results and discussion
3.2.1 DC-resistance measurements
Polypyrrole was synthesized inside the pores o f track-etch membranes at temperatures o f 4 °C 
and 22 °C and subsequently stored at room temperature under separately argon and air 
atmosphere to investigate the influence o f oxygen. The resistance o f the membrane was 
measured as function o f time (Figure 3.1).
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Figure 3.1 Resistance o f a polypyrrole track-etch membrane as a function o f time. The polypyrrole 
was (A) synthesized at 4 °C and stored under ambient conditions, (B) synthesized at 4 °C and stored 
under argon, and (C) synthesized at 22 C  and stored under ambient conditions at room temperature.
The two membranes synthesized at 4 °C appeared to have a higher resistance than the one 
synthesized at 22 °C. The polymerizations were allowed to proceed for the same period of 
time (1 minute). At lower reaction temperatures probably less polymer precipitates inside the 
pores,26 which leads to the initial higher resistance. After two weeks, no loss o f conductivity 
was observed for all samples and it was concluded therefore that polypyrrole was not 
deteriorated by oxygen. To mimic the working conditions o f an operational glucose biosensor, 
one track-etch membrane was exposed to an aqueous 0.1 M phosphate buffered saline 
solution o f pH 7.4 and another one additionally to a potential o f 300 mV vs. Ag/AgCl. The 
results are presented in Figure 3.2. It is evident that the last mentioned membrane degrades 
more rapidly then the former one.
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Figure 3.2 Resistance o f a polypyrrole track-etch membrane as a function o f time. Curve (A): 
membrane prepared at 22 °C and stored in aqueous 0.1 M  phosphate buffered saline solution (pH 
7.4); curve (B): membrane prepared in the same way and additionally polarized at 300 mV vs. 
Ag/AgCl.
From Figure 3.2 curves (A) and (B) the degradation constants (k) were determined, using the 
following formula:
Ln (Gt/a 0) = kt
where o 0 is the initial conductivity and Gt the conductivity at time t. Membranes stored under
8 1 27ambient conditions had a k-value o f < 10- s- . The track-etch membranes stored in PBS 
solutions and those stored in PBS and additionally subjected to an applied voltage o f 300 mV 
vs. Ag/AgCl had a degradation constant o f 1.6 10-5 min-1 and 3.3 x 10-5 min-1 respectively on 
the first day and 1.8 10-6 and 2.3 x 10-6 min-1 from day 2 to day 14. These data reveal that an 
aqueous PBS solution (0.1 M, pH 7.4), in combination with an applied potential o f 300 mV, 
has a strong negative effect on the electrical stability o f polypyrrole.
B
0
It has been shown that the vibration spectrum of polypyrrole can be used to calculate the so-
28called effective conjugation length in this polymer. This is possible because the relative 
intensities o f the absorption bands at 1550 and 1470 cm-1 are connected to the delocalization 
of the n-electrons. To this end the ratio between the integrated absorptions at 1550 and 1470 
cm-1, r = I1550/I1470 was calculated. A larger conjugation length gives a smaller r and a shorter 
conjugation length a larger r. A pristine membrane had an r-value o f circa 1.1, while a value
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of 2.4 was observed for a sample that had been stored for two weeks in an aqueous PBS 
solution (pH 7.4) under an applied potential o f 300 mV vs. Ag/AgCl. This reveals that upon 
ageing the effective conjugation length of polyprrole becomes shorter. The severe loss of 
conductivity o f polypyrrole and the decrease in conjugation length can be explained by the
29 30following degradation mechanism (Scheme 3.1). ’
Scheme 3.1 Proposed mechanism for the degradation o f polypyrrole.
Overoxidation o f polypyrrole to a di-cation is possible in neutral aqueous media at a potential 
starting from 0.5 V vs. SSCE. This is then followed by the formation o f ß-substituted products 
by nucleophilic attack o f water. These products have been confirmed by IR-spectroscopic
31 32studies. ’ Polypyrrole electrodes containing polystyrene sulfonate were synthesized
33electrochemically by Yamato et al. He showed that the stability o f this hybrid material was 
strongly dependent on the magnitude o f the polarization potential and the pH of the buffer 
solution. It was found that the residual electroactivity decreased at increasing polarization 
potentials. Particularly between 300 mV vs Ag/AgCl (residual activity o f 77%) and 400 mV 
vs Ag/AgCl (residual activity o f 5%), a sharp decrease was found. In a recently published 
article poly(3,4-alkylenedioxypyrrole) was synthesized and this polymer showed to be 
electrochemically stable in aqueous environment because nucleophilic attack at the ß-position 
is not possible, supporting the proposed mechanism of degradation.34
In a separate series of experiments the pristine and aged polypyrrole-coated membranes were 
investigated with the help o f electron spin resonance spectroscopy (Figure 3.3). The freshly 
prepared sample gave a broad intense EPR-signal. Aging under ambient conditions did not
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lead to significant changes in the spectrum. However, upon ageing in a phosphate buffered 
saline solution under a constant potential o f 300 mV vs. Ag/AgCl, the signal became 
significantly smaller.
Magnetic Field (G)
Figure 3.3 Normalized EPR-signals at 4K ofpolypyrrole track-etch membranes stored for two weeks 
under (A) argon, (B) air and (C) in an aqueous 0.1 M  PBS buffer (pH 7.4) under a constant potential 
o f 300 mV vs. Ag/AgCl.
We propose that the width o f the EPR-signal is related to the extent o f delocalisation o f the n-
35electrons and thus to the conjugation length. This implies that the electrons in the aged 
sample are more located compared to the pristine membrane due to degradation o f the 
polypyrrole, resulting in a less conjugated polymer. In what way the EPR-signal is related to 
the conjugation length is not known yet and requires further studies.36,37
3.2.2 Poly(3,4-ethylenedioxythiophene) versus polypyrrole
A possibility to enhance the stability o f the polymer inside the track-etch membrane would be 
the synthesis and polymerisation o f monomers with side-groups blocking the ß-positions,
38which would eliminate the degradation via nucleophilic attack o f water. For this, 3,4­
39ethylenedioxythiophene was chosen as a possible alternative for pyrrole. Poly(3,4- 
ethylenedioxythiophene) (PEDOT) is a relatively new polymer and is the first example o f a 
new class o f polythiophenes with very high electrochemical stability in oxidized states and a
48
On the stability o f polypyrrole and the consequences for its use in biosensors
low band-gap (corresponding band lies in the NIR-range).40 It can be produced either 
chemically41 with oxidants like ferric chloride or electrochemically in a variety o f solvents 
(Scheme 3.2). Preliminary studies have revealed that the electrochemically-synthesized 
polythiophene is more stable in phosphate buffered solutions than polypyrrole, which makes
42the former polymer a possible candidate for application in biosensors.
Scheme 3.2 Chemical polymerization 3,4-ethylenedixoythiophene.
Fe3+n
Poly(3,4-ethyl enedioxythiophene) was synthesized chemically inside a track-etch membrane 
by simply immersing the membrane into a solution o f 3,4-ethyl enedioxythiophene and ferric 
ions. The polymerization was quenched by washing with acetonitrile and water, yielding a 
heavenly blue-coloured membrane. Two different oxidants were used in two different solvents 
to investigate the scope o f the polymerization reaction, since it is known that the composition 
of the solvent has a significant effect on the surface structure, morphology and the 
electrochemical stability o f the polymer. Ferric chloride as the oxidant was used in 
acetonitrile-water mixtures and ferric perchlorate. The two prepared PEDOT-coated track- 
etch membranes were stored for a period o f two weeks in an aqueous 0.1 M PBS solution (pH
7.4) and were polarized at a constant potential o f 300 mV vs. Ag/AgCl (see also section
3.2.1). No loss at all o f DC-resistance for these samples was observed, showing the greatly 
improved stability o f this new polythiophene derivative as compared to polypyrrole (Figure
3.4).
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Figure 3.4 Resistance o f track-etch membranes as a function o f time. Curve (A): PEDOT coated 
membrane prepared at 22 °C using ferric chloride as a catalyst. The membrane was stored in aqueous 
0.1 M  phosphate buffered saline solution (pH 7.4) and additionally polarized at 300 mV vs. Ag/AgCl.; 
curve (B): polypyrrole coated membrane prepared following the same procedure.
Examination o f the two membranes with scanning electron microscopy revealed that in both 
cases the pores were still open (Figure 3.5). When the polymer was synthesized in water, a 
smooth film at the surface o f the track-etch membrane was obtained. Polymerizations 
performed in acetonitrile, yielded a more porous morphology, comparable with polypyrrole- 
coated membranes, which grow via a mechanism of nucleation and growth.43,44 Investigation 
of the insides o f the membrane revealed that the interior o f the pores was coated with a layer 
of the polymer (Figure 3.5D).
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Figure 3.5 Scanning electron micrographs o f track-etch membranes, bars represent 10 jAm. (A) 
Pristine track-etch membrane. (B) Membrane coated with poly(3,4-ethylenedioxythiophene) 
synthesized in acetonitrile with Fe(ClO4) 3 as the catalyst. (C) Membrane coated with poly(3,4- 
ethylenedioxythiophene) synthesized in water with FeCl3 as the catalyst. (D) Cross-section o f the 
track-etch membrane o f (B).
Next, the influence o f  the reaction time on the resulting pore size was examined. Track-etch 
membranes were immersed in an aqueous acetonitrile solution containing ferric chloride and 
3,4-ethylenedioxythiophene for 5, 15, 30 and 45 minutes (Table 3.1). Subsequently the 
samples were removed from the reaction mixture, which was then filtered to determine the 
amount o f  polymer formed.45
Table 3.1 Chemical yield o f poly(3,4-ethylenedioxythiophene).
Reaction Time Chemical Yielda 
(min) (%)
5 7
15 12
30 22
45 29
a) Apparent yield; small oligomers are soluble in acetonitrile and were not collected by filtration. 
Reaction conditions: a track-etch membrane was placed in a solution o f ferric chloride (21.5 mmol) in
12 ml o f acetonitrile-water (20 v/v%) and 3,4-ethylenedioxythiophene (2.5 mmol) was subsequently 
added.
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Infrared spectroscopic studies showed that the polymer was already formed after 5 minutes of 
polymerisation. Thereafter no major changes were observed, except for the disappearance o f a 
signal at 800 cm-1 and the appearance o f broad signals at 1640 cm-1 and in the 3000-4000 cm-1 
region (Figure 3.6). The first signal can be assigned to an aromatic CH out-of-plane swing 
vibration o f the terminal thiophene group,46 which will decrease as the reaction proceeds. The 
formation o f carbonyl functions due to nucleophilic attack o f water at the a-position of 
thiophene endgroups in the polymer is suggested by the appearance o f the vibration at 1640
cm-1.35
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Figure 3.6 Infrared spectra of. (A) 3,4-ethylenedioxythiophene monomer. (B-D) polymers after 5, 15, 
and 30 minutes o f polymerization. For reaction conditions, see Table 3.1.
The IR absorption bands in the region 3000-4000cm-1 supports this explanation. These are due 
to the formation o f hydroxyl groups, which is only possible at the end (a-position) o f the 
polymer chains.10 When the polymer was chemically reduced overnight in a mixture of 
ammonia in methanol, characteristic frequencies at 2850-2950 cm-1 appeared, which are 
assigned to aliphatic CH-stretching vibrations.
The pores o f the synthesized membranes were examined using scanning electron microscopy 
(Figure 3.7).
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Figure 3.7 Scanning electron micrographs o f poly-3,4-ethylene-dioxythiophene-coated track-etch 
membranes; white bar represents 100 nm. (A) Polymerization time 15 minutes. (B) Idem 30 minutes. 
(C) Idem 45 minutes. For reaction conditions, see Table 3.1.
After polymerisation the pores o f all samples appeared to be cylindrical in shape and it was 
surprising to see that their diameters were independent o f the reaction time. This feature can 
be explained as follows. During the polymerisation an insoluble polymer is formed, which is 
positively charged. The track-etch membrane contains negatively charged sites at the pore
47wall, as a result o f the chemical etching process, which is part o f the membrane preparation.
It can be expected, therefore, that the poly(3,4-ethyl enedioxythiophene) strongly adsorbs at 
the pore walls as a result o f electrostatic interactions. At a certain point during polymerization, 
the pore walls will be covered by an insoluble layer o f polymer, inhibiting the diffusion o f the 
reagents inside the membrane as a result o f which the increase in thickness stops.
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3.2.3 Comparison of the electrochemical stabilities of poly(3,4-ethylenedioxythiophene) 
and polypyrrole
Poly(3,4-ethyl enedioxythiophene) and polypyrrole containing track-etch membranes were 
electrochemically characterized using cyclic voltammetry (Figure 3.8) Directly after 
preparation o f the membranes, a scan was performed between 0.0 and 0.7 V vs. Ag/AgCl 
(scan rate 5 mV/s). The voltammograms o f samples o f the two types o f membranes had 
similar shapes. Due to the geometry o f the track-etch membrane no pronounced peak structure 
was observed. Subsequently the membranes were placed in an aqueous 0.1 M phosphate 
buffered saline solution (pH 7.4) and continuously poised at a potential o f 300 mV vs. 
Ag/AgCl to mimic the conditions used for measuring glucose.
E (V) vs Ag/AgCl
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Figure 3.8 Cyclic voltammograms o f polypyrrole (A) and poly(3,4-ethylenedioxythiophene)-coated 
track-etch membranes (B). The membranes were placed in a flow cell containing aqueous 0.1 M  PBS 
buffer (pH 7.4) and were connected to a potentiostat. At different time intervals a scan was taken 
between 0.2 and 0.7 V vs. Ag/AgCl at a scan rate o f 5 mV/s. In between these measurements, a 
constant potential o f300 mV vs. Ag/AgCl was applied to the membranes.
At different time intervals a cyclic voltammogram was taken. From these experiments it 
became clear that the electrochemical stability o f poly(3,4-ethylenedioxythiophene) was 
superior to that o f polypyrrole. Figure 3.8A shows that polypyrrole looses most o f its 
electrochemical activity during the first day, whereas poly(3,4-ethyl enedioxythiophene) 
remains stable over a period o f at least two weeks (Figure 3.8B). Polythiophenes have a 
higher ionization-potential when compared to polypyrrole (ca. 5 vs. 4 eV), protecting these
35polymers against the oxidative degradation by oxygen.
In order to quantify the loss o f activity, the areas o f the cyclic voltammograms were integrated 
for both membranes (Figure 3.9). In the case o f polypyrrole it was found that during the first 
day the electrochemical activity decreased by more than 80%. After 1 week only 0.7 %  of the 
initial charge was left. Poly(3,4-ethyl enedioxythiophene) on the contrary showed during the 
first day an increase in electroactivity o f 63% and remained stable afterwards. This initial 
increase is probably caused by oxidation (doping o f the polymer) or rearrangement o f the 
pristine polymer.48
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Figure 3.9 Electroactivity ofpoly(3,4-ethylenedioxythiophene) (A) and polypyrrole (B) coated track- 
etch membranes as a function o f time. The membranes were placed in a flow cell in an aqueous 0.1 M  
PBS buffer (pH 7.4) and were connected to a potentiostat. At different time intervals a scan was taken 
between 0.2 and 0.7 V vs. Ag/AgCl at a scan rate o f 5 mV/s and the charge was measured. In between 
these measurements, a constant potential o f300 mV vs. Ag/AgCl was applied to the membranes.
3.3 Conclusions
The studies described in this chapter have shown that polypyrrole inside the pores o f a track- 
etch membrane is susceptible to degradation. This polymer appears to be instable when placed 
in aqueous phosphate buffered saline solutions (pH 7.4), especially when a potential of 300 
mV vs. Ag/AgCl is applied to the system. Infrared analysis reveals that the conjugation length 
of the polypyrrole decreases under these conditions. These findings are in agreement with 
literature results, which suggest that nucleophilic attack o f water molecules at the ß-positions 
of the pyrrole rings in polypyrrole induces a shortening o f the conjugation length and hence a 
loss o f conductivity. Poly(3,4-ethylenedioxythiophene) based track-etch membranes turned 
out to be superior to polypyrrole based membranes. They are more stable, probably because 
nucleophilic attack o f water molecules at the ß-position o f the thiophene rings is not possible 
in this polymer. Furthermore, the ethyleneoxygen-substituents in the thiophene rings stabilize 
the positive charges on the polymer backbone, which is favourable for the system. These 
experiments clearly demonstrate that polypyrrole can only be used as an electroactive 
component in (bio)sensing devices for a very short period o f time (viz. <1 day). In poly(3,4-
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ethylenedioxythiophene) an attractive candidate is found to replace polypyrrole for these 
applications, since its electroactive stability is superior to that o f the latter one.
3.4 Experimental
M aterials and  general methods 
For a description see Chapter 2.
Synthesis o f  the polypyrrole track-etch membranes
The polypyrrole coated track-etch membranes were synthesized according to a literature 
procedure with some modifications. Polymerization was achieved within the pores o f the 
track-etch membrane (poresize = 0.8^m) using a specially designed reaction vessel.49 In a 
polymerization experiment the membrane separated a fresh solution o f 0.6 M pyrrole in water 
from an aqueous 2.0 M ferric chloride solution. The reaction was allowed to proceed for 1 
min a temperature o f 4 or 22 °C. The polymerisation reaction was quenched with water and 
the excess o f polypyrrole was removed by carefully wiping the surface o f the membrane with 
a tissue.
Synthesis o f  the poly(3,4-ethylenedioxythiophene)-coated track-etch membranes 
A Nucleopore track-etch membrane (diameter = 36 mm, poresize = 0.8 ^m) was placed in a 
stirred solution o f 3.5 g (21.5 mmol) o f FeCl3 in 12 ml of acetonitrile-water (20 v/v%). 
Subsequently, 350 mg (2.46 mmol) o f 3,4-ethylenedioxythiophene was added at room 
temperature. After an appropriate reaction time the track-etch membrane was rinsed with 
water and the excess o f poly-3,4-ethylene-dioxythiophene was removed by carefully wiping 
the surface o f the membrane with a tissue.
Resistance measurements
The resistance o f the track-etch membranes was measured according to a literature 
procedure.50 The membrane was placed on a bed o f silver powder, which acted as the 
auxiliary electrode. A gold electrode was placed on top o f the membrane and a pressure o f 1.3 
Kg/cm was applied to ensure a good electrical contact. The resistance was measured using a 
Fluke model 45 digital multimeter.
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Conductivity measurements
To perform conductivity measurements, the conducting polymer-based track-etch membranes 
were placed in a flow cell containing an aqueous 0.1 M PBS buffer (pH 7.4). The latter cell 
was connected to a potentiostat. At different time intervals 2 scans were run between 0.2 and 
0.7 V vs. Ag/AgCl at a scan rate o f 5 mV/s. In between these measurements, a constant 
potential o f 300 mV vs. Ag/AgCl was applied to the membranes.
EPR measurements
EPR measurements were performed at 4K using a Bruker ESP-300 spectrometer.
58
On the stability o f polypyrrole and the consequences for its use in biosensors
3.5 References
1 Handbook o f  Conducting Polymers, Nalwa, S.H. (Ed), Vol 1-3, John Wiley & Sons LtD, New York,
1997. and references cited therein.
2 a) Burroughs, J.H.; Bradley, D.D.C.; Brown, A.R.; Marks, R.N.; Mackay, K.; Friend, R.H. Burns, 
P.L.; Holmes, A.B. Nature, 1990, 347, 539.
b) Braun, D.; Heeger, A.J. Appl. Phys. Lett. 1990, 58, 1992.
c) Bergren, M.; Inganäs, O.; Gustafsson, G.; Rasmusson, J.; Andersson, M.R.; Hjertberg, T.; 
Wennerstrom, O. Nature, 1994, 372, 444.
d) Granstrom, M.; Berggren, M. Inganäs, O. Science, 1995, 267, 1479.
e) Andersson, M.R.; Thomas, O.; Mammo, W.; Svensson, M.; Theander, M. Inganäs, O. J. Mater. 
Chem., 1999, 9, 1933.
f) Ho, P.K.H.; Thomas, D.S.; Friend, R.H.; Tessler, N. Science, 285, 233.
3 a) Leqlerc, M. Adv. Mater. 1999, 11, 1491.
b) Heeger, P.S.; Heeger, A.J. Proc. Natl. Ac. Sci. 1999, 96, 12219.
4 a) Liu, Z.; Calvert, P. Adv. Mater. 2000, 12, 288.
b) Smela, E.; Gadegaard, N. Adv. Mater. 1999, 11, 953.
c) Smela, E.; Inganäs, O.; Lunstrom, I. Science, 1995, 268, 1735.
d) Jager, E.W.H.; Smela, E.; Inganäs, O.; Lunstrom, I. Synth. Met., 1999, 102, 1309.
5 a) Bao, Z. Adv. Mater. 2000, 12, 227.
b) Sirringhaus, H.; Brown, P.J.; Friend, R.H.; Nielsen, M.M.; Bechgaard, K.; Langeveld-Vos, B.M.W.; 
Spiering, A.J.H.; Jansen, R.A.J.; Meijer, E.W.; Herwig, P.; Leeuw de, D.M. Nature 1999, 401, 685.
6 a) Tessler, N. Adv. Mater. 1999, 11, 363.
b) Granlund, T.; Theander, M.; Berggren, M.; Andersson, M.; Ruzeckas, A.; Sundtrom, V.; Bjork, G.; 
Granstrom, M. Inganäs, O. Chem. Phys. Lett., 1998, 288, 879.
7 a) Hide, F.; Diaz-Garcia, M.A.; Schwartz, B.J.; Heeger, A.J. Acc. Chem. Res. 1997, 30, 430.
b) Kros, A.; Sommerdijk, N.A.J.M.; Nolte, R.J.M., Manuscript in preparation.
See also Chapter 1.
c) Savvateev, V.; Yakimov, A.; Davidoz, D. Adv. Mater. 1999, 11, 519.
8 Bhattacharya, A.; De, A.; Das, S. Polymer 1996, 37, 4375.
9 Menon, V.P.; Lei, J.; Martin, C.R. Chem. Mater. 1996, 8 , 2382.
10 Pud, A.A. Synth. Met. 1994, 66, 1. and references cited therein.
11 Omastova, M.; Pavlinec, J.; Ionteck, J.; Simon, F. Polym. Int. 1997, 43, 109.
12 Child, A.D.; Kuhn, H.H. Synth. Met. 1997, 84, 141.
13 Mathys, G.I.; Truong, V.T. Synth. Met. 1997, 89, 103.
14 Sakkopoulos, S.; Vitoratos, E.; Dalas, E. Synth. Met. 1998, 92, 63.
15 Dyreklev, P.; Granström, M.; Inganänas, O.; Gunaratne, L.M.K.W.; Senadeera, G.K.R.; Skaarup, S.; 
West, K. Polymer 1996, 37, 2609.
16 Li, Y.; Yang, J. J. Appl. Polym. Sci. 1997, 65, 2739.
17 Lei, J.; Cai, Z.; Martin, C.R. Synth. Met. 1992, 46, 53.
18 Satoh, M.; Kaneto, K.; Yoshino, K. Synth. Met. 1986, 14, 289.
19 Shimidzu, T.; Ohtani, A.; Iyoda, T.; Honda, K. J. Electroanal. Chem. 1987, 224, 123.
20 Kudoh, Y. Synth. Met. 1996, 79, 17.
21 Cheah, K.; Forsyth, M.; Truong, V.T. Synth. Met. 1998, 94, 215.
22 Kudoh, Y.; Akami, K.; Matsuya, Y. Synth. Met. 1998, 95, 191.
23 Chen, X.B.; Issi, J.-P.; Devaux, J.; Billaud, D. J. Mater. Sci. 1997, 32, 1515.
24 Brie, M.; Turcu, R.; Mihut, A. Mater. Chem. Phys. 1997, 49, 174.
25 Neoh, K.G.; Tay, B.K.; Kang, E.T. Polymer 2000, 41, 9.
26 Visual inspection showed that the polypyrrole track-etch membrane synthesized at 4 °C was gray, 
whereas the membrane prepared at 20 °C was black.
27 This value could not be determined exactly, due to the error in the resistance measurements.
28 Granström, M.; Inganäs, O. Polymer 1995, 36, 2867.
29 Wernet, w; Wernt, G. Makromol. Chem. 1987, 188, 1465.
30 Neoh, K G.; Lau, K.K..S.; Wong, V.V.T.; Kang, E.T.; Tan, K.L. Chem Mater. 1996, 8 , 167.
31 Ghosh, S.; Bowmaker, G.A.; Cooney, R.P.; Seakins, J.M. Synth. Met. 1998, 95, 63.
32 Beck, F; Braun, P.; Oberst, M. Ber. Bunsenges. Phys. Chem. 1987, 91, 967.
59
Chapter 3
33 Yamato, H; Ohwa, M.; Wernet, W. J. Electroanal. Chem. 1995, 397, 163.
34 Thomas, C.A.; Zong, K.; Schottland, P. Reynolds, J.R. Adv. Mater. 2000, 12, 222.
35 For polythiophene a wavenumber of 1657 cm-1 has been observed. See Inganäs O. in Handbook of 
Conducting Polymers, Nalwa, S.H. (Ed), Vol 2, Ch 15, p785-792, John Wiley & Sons LtD, New York, 
1997.
36 Zotti, G. Synth. Met. 1998, 97, 267. and references cited therein.
37 Kudelski, A.; Bukowski, J.; Jackowska, K. Synth. Met. 1998, 95, 87.
38 Goedel, W.A; Hölz, Wegner, G.; Rodenmund, J.; Zotti, G. Polymer 1993, 34, 4341.
39 Heywang, F; Jonas, F. Adv. Mater. 1992, 4, 116.
40 a) Jonas, F.; Schrader, L. Synth. Met. 1991, 41-43, 831.
b) Bayer AG. European patent 0-339-340 A2 , 1989.
c) Petterson, L.A.A.; Carlsson, F.; Inganänas, O.; Arwin, H. Thin Solid Films 1998, 313-314, 356.
d) Pei, q.; Zuccarello, G.; Ahlskog, M.; Inganäs, Polymer 1994, 35, 1347.
e) Corradi, R.; Armes, S.P. Synth. Met. 1997, 84, 453.
f) Bobacka, J.; Anal. Chem. 1999, 71, 4932.
41 Kudoh, Y.; Akami, K.; Matsuya, Y. Synth. Met. 1998, 98, 65.
42 Yamato, H; Ohwa, M.; Wernet, W. J. Electroanal. Chem. 1995, 397, 163.
43 Randriamahazaka, H.; Noël, V.; Chevrot, C. J. Electroanal. Chem. 1999, 472, 103.
44 Abrantas, L.M.; Correia, J.P. Electrochim. Acta 1999, 44, 1901.
45 The amount of poly(3,4-ethylenedioxythiophene) deposited inside the membrane was neglected for 
the determination of the chemical yield.
46 Akimoto, M.; Furukawa, Y.; Takeuchi, H.; Harada, I.; Soma, Y.; Soma, M. Synth. Met. 1986, 15, 
353.
47 a) Duchet, J.; Legras, R.; Demoustier-Cahmpagne, S. Synth. Met. 1998, 98, 113. 
b) Demoustier-Cahmpagne, S.; Stavaux, P,-Y. Chem. Mater. 1999, 11, 829.
4 Ouyang, J.; Li, Y. Synth. Met. 1995, 75,1.
49 Koopal, C.G.J. Amperometric third generation glucose sensor, PhD Thesis University of Nijmegen, 
1992.
50 Cai, Z.; Martin, C.R. J. Am. Chem. Soc. 1989, 111, 4138.
60
Chapter 4
Poly(3,4-ethylenedioxythiophene)-based glucose sensors
4.1 Introduction
The development o f glucose sensors is a research area o f great current interest due to the 
importance o f such sensors in the treatment o f diabetes mellitus. To date most amperometric
12 3glucose sensors ’ ’ are based on the enzymatic oxidation o f glucose by the redox-enzyme 
glucose oxidase, which is immobilized on the working electrode o f the sensor. Glucose 
oxidase4,5 is a homodimeric protein with a molecular weight o f 160 kD containing two 
molecules o f the cofactor flavin adenine dinucleotide (FAD). These cofactors are anchored in 
a crevice o f the protein, which makes direct electrical contact with the electrode difficult. 
Nevertheless, it has been reported by the Nolte group6,7 and others8,9,10,11 that direct 
communication between the enzyme and an electrode in a glucose sensor is possible under 
specific conditions. The glucose sensor, which was constructed and investigated by the former
group had as a major component o f tubules o f polypyrrole which were deposited in the pores
12o f a track-etch membrane following a procedure initially developed by Martin and co­
workers. The latter involves the templated synthesis o f the conducting polymer leading to a 
macroscopic material which exhibits different properties when compared to bulk conducting 
polymers, e.g. enhanced conductivity.13,14,15 It was shown in the previous chapter that 
polypyrrole tubules prepared in this way loose their conductivity when they are subjected to a
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continuous applied potential and stored in aqueous solutions. Polypyrrole was therefore 
replaced by poly(3,4-ethylenedioxythiophene) (PEDOT) as the electroactive component in the 
track-etch membrane based glucose sensors. This new polymer appeared to have far better 
electrochemical properties than polypyrrole.16,17,18 In this chapter the performance o f the 
PEDOT based track-etch membrane biosensor is discussed. Several routes to immobilize 
glucose oxidase in this sensor have been investigated and the influence o f this immobilization 
on the sensor response has been studied.
4.2 Results and discussion
4.2.1 Performance of the PEDOT-based glucose sensor
3,4-Ethylenedioxythiophene (EDOT) was chemically polymerized inside the pores o f a track- 
etch membrane using ferric chloride as the oxidant. The reaction was allowed to proceed in a 
water/acetonitrile (6/1 v/v) mixture at room temperature for 45 minutes. Thereafter, the 
membrane was rinsed with water and acetonitrile to remove the excess o f PEDOT. Glucose 
oxidase was immobilized inside the pores o f this modified membrane via physical adsorption; 
the latter is based on the electrostatic interactions between the negatively charged enzyme and 
the positively charged PEDOT. Glucose was subsequently measured amperometrically by 
applying a potential o f 300 mV vs. Ag/AgCl to the membrane sensor and upon addition o f this 
analyte an increase in signal was observed under anaerobic conditions. The maximum 
sensitivity of the biosensor appeared to be approximately 25 nA/mM and the response time 
was less than 5 minutes (Figure 4.1).
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Glucose (mM)
Figure 4.1 Plot o f the steady-state current measured at 300 mV vs. Ag/AgCl o f a PEDOT track-etch 
membrane biosensor as a function o f the glucose concentration. The track-etch membrane was 
immobilized with glucose oxidase and diethylaminoethyl-dextran. Measurements were performed in 
phosphate buffered saline solutions o f pH  7.4. The extra data point (A) at 8 mM glucose was obtained 
after passing oxygen through the solution.
Purging oxygen through the solution led to a decrease in current in the order o f circa 5-10 %. 
This small decrease is a result o f the formation o f hydrogen peroxide, which cannot be 
detected with this device. This result therefore strongly suggests that under the applied 
conditions a mechanism o f direct electron transfer is operative in the glucose sensor (Scheme
4.1). When the electrode was polarized at a higher potential, viz. 400 mV, the sensitivity for 
glucose increased to approximately 45 nA/mM under anaerobic conditions. Unfortunately, at 
this potential the sensor was also capable o f oxidizing hydrogen peroxide, as could be seen 
when oxygen was subsequently purged through the solution, which led to a 10% increase in 
response. This sensitivity for hydrogen peroxide decreased slightly after one week of 
continuous use. When a mediator (viz. ferrocene carboxylic acid) was added to the PBS 
buffered solution and subsequently the response o f the sensor was measured at 300 mV, the 
sensitivity for glucose increased enormously, viz. from less then 30 to 200 nA/mM. This 
experiment shows that enough glucose oxidase can be immobilized in the pores o f the 
membrane, although the majority o f the enzyme apparently lacked the possibility o f direct 
communication with the conducting polymer.
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Scheme 4.1 Proposed working mechanism o f the PEDOT-based glucose sensor when the electrode is 
polarized at 300 mV vs. Ag/AgCl.
In Chapter 2 it was shown that the addition o f positively charged dextran (DEAE) during the 
immobilization o f glucose oxidase in a polypyrrole-coated track-etch membrane resulted in an 
increased response and increased stability o f the sensor.19 For the PEDOT-based glucose 
sensor no increase in sensitivity was observed. However, the response to glucose remained
stable for at least 1 month, showing in a different way the positive effect o f the DEAE-
20matrix. Additional crosslinking o f the protein with the polysaccharide after immobilization 
inside the membrane with a glutaraldehyde did not result in improved sensor characteristics.
Attempts were made to increase the glucose response by varying the polymerization 
parameters. Changing the reaction temperature (from 20 to 40 °C) or the reaction time (from 5 
to 45 min.) during the polymerization o f EDOT did not influence the sensor characteristics. 
Increasing the ratio o f oxidant to monomer gave rise to a higher sensitivity for glucose (Figure
4.2). A second effect o f increasing the oxidant to monomer ratio was that the response time
21increased to some extent. The precise relationship between the polymerization conditions, 
the conductivity o f the resulting polymer and the glucose response is as yet unknown.
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Figure 4.2 Normalized glucose response as a function o f the molar ratio oxidant/monomer used to 
prepare the PEDOT-coated track-etch membrane. Reaction conditions: a track-etch membrane was 
placed in a solution offerric chloride (21.5 mmol) in 12 ml o f acetonitrile-water (20 v/v) and 3,4- 
ethylenedioxythiophene was subsequently added (molar ratio o f oxidant to monomer is 5, 10, 15 and 
20). The immobilization o f glucose oxidase and the glucose measurements are described in the 
experimental section.
In order to further increase the sensitivity o f the PEDOT-based sensor for glucose, ferrocene 
molecules were covalently linked to glucose oxidase. The rationale was that a mediator would 
make a more efficient electron transfer possible from the enzyme to the conducting polymer 
since the electrons from the reduced active site o f glucose oxidase could then follow two 
possible pathways to the electrode, one via the proposed mechanism of direct electron transfer 
from the enzyme to the polymer and a second one via the mediator to the electrode. In a first 
attempt, ferrocene carboxylic acid was covalently coupled to the lysine groups at the surface 
of glucose oxidase. Subsequent immobilization o f the modified enzyme inside the pores o f a 
PEDOT-coated track-etch membrane did not lead to an increase in the glucose response.
When, however, a flexible hexyl-spacer was used to link the mediator to the lysine groups a
22high response was observed (Figure 4.3). Apparently, the hexyl-spacer allowed the ferrocene
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Figure 4.3 Plot o f the steady-state current o f  PEDOT-based glucose sensors measured in an aqueous 
PBS solution o f pH  7.4 under a nitrogen atmosphere at 0.3 V (vs. Ag/AgCl) as a function o f the 
glucose concentration. (A) Sensor immobilized with ferrocene-modified glucose oxidase. (B) Idem 
with native glucose oxidase.
groups to efficiently shuttle electrons between the reduced enzyme and the conducting 
polymer. The average response of this type o f sensor to 5 mM glucose was 70 nA/mM when 
measured under anaerobic conditions. This response to glucose was lowered approximately 5­
10% upon purging oxygen through the solution.
In order to increase the stability o f this sensor, the modified glucose oxidase was co­
immobilized with DEAE in a similar way as described in Chapter 2. In a second experiment 
also the effect o f cross-linking using glutaraldehyde vapour after immobilization o f the 
enzyme/DEAE mixture was investigated. The two sensors appeared to have a very high 
response to glucose under anaerobic conditions (up to 600 nA/mM). When oxygen was purged 
through the buffered solution a similar effect was observed as described above for the sensor 
with native glucose oxidase. The response decreased (10-20%) showing again that this type of 
sensor cannot detect hydrogen peroxide at 300 mV vs. Ag/AgCl. The improved performance 
of the modified biosensor is the result o f a higher concentration o f immobilized enzyme in the
23membrane matrix due to the presence o f DEAE. Furthermore, because o f the attachment of 
the ferrocene mediator molecules, reduced enzyme molecules, which are not in the proximity
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of the PEDOT-coated interior o f the membrane, can now transfer their electrons to the 
electrode. With the modified sensor, glucose could be measured at potentials as low as 150 
mV vs. Ag/AgCl. The sensitivity o f this type o f sensor decreased significantly during the first
5 days (ca. 70 %). Afterwards, the response declined slowly and glucose could be measured 
over a period exceeding 1 month. It turned out that the loss of enzyme could not be fully 
prevented by the co-immobilization o f DEAE. In order to find out whether the decrease in 
sensitivity o f the biosensor on standing is due to leaching o f the enzyme from the membrane 
matrix or to deactivation processes, fluorescein labeled glucose oxidase was synthesized and 
immobilized in the track-etch membrane. The membrane was imaged with a confocal laser in 
the fluorescence mode showing spots o f enzyme inside the pores. By comparing the initial 
fluorescence with data obtained o f a sensor that had been in contact with a continuous flow of 
aqueous phosphate buffered solution (pH 7.4) for a period o f one week, it was concluded that 
most o f the enzyme is washed out o f the pores o f the track-etch membrane as a result o f this 
treatment. From this it was concluded that the immobilization o f glucose oxidase in this 
modified biosensor should be further optimized.
The gradual decrease in glucose response measured in the case o f the DEAE-ferrocene 
modified glucose oxidase was not observed with glucose sensors where native glucose 
oxidase was used, as shown above. This difference in behaviour may be explained as follows. 
DEAE increases the initial amount o f (modified) enzyme immobilized inside the pores o f the 
track-etch membrane. In the case o f native glucose oxidase only the enzyme molecules that 
have a direct contact with the poly(3,4-ethylenedioxythiophene) surface inside the membrane 
will be involved in electron transfer; the majority o f the proteins is immobilized inside the 
DEAE-matrix and will be excluded from direct communication with the electrode. Upon 
continuous use o f this sensor most o f the enzyme immobilized in the polysaccharide matrix is 
lost which, however, will not lead to a significant influence on the response o f the sensor. In 
the case o f the ferrocene-modified glucose oxidase both the enzymes at the surface and the 
enzymes immobilized in the DEAE matrix are able to communicate with the conducting
24polymer via the mediator. In the literature this process is known as “electron hopping”. In 
this biosensor the loss o f enzyme encapsulated by the DEAE matrix will lead to a decrease in 
sensitivity for glucose.
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4.2.2 Electrochemical immobilization of glucose oxidase
A different approach to immobilize glucose oxidase is to physically encapsulate this enzyme 
into a poly(3,4-ethylenedioxythiophene) matrix, which is synthesized electrochemically. To 
this end a PEDOT-coated track-etch membrane electrode was placed in an aqueous 0.1 M 
PBS solution (pH 7.4) containing a mixture o f glucose oxidase (5 mg/ml) and EDOT (0.56 
M). The EDOT was subsequently polymerized by repetitive scanning the potential between 
0.2 -1 .2  V vs. Ag/AgCl. Afterwards, the glucose oxidase/EDOT mixture was replaced by an 
aqueous 0.1 M PBS solution under an inert atmosphere. Visual inspection o f the thus prepared 
track-etch membrane revealed that the polymerization had not occurred across the whole
25surface. This phenomenon is probably caused by the low solubility o f the monomer (< 20 
mM) in aqueous solutions.26 Upon addition o f glucose, this electrode, nevertheless gave a 
response o f 44 nA/mM. This value decreased to 39 nA/mM upon purging the solution with 
oxygen. Switching to an inert atmosphere restored the initial response showing that this 
process was reversible. Addition o f hydrogen peroxide did not increase the response o f the
27sensor. These experiments again are suggestive o f a direct electron transfer process between 
glucose oxidase and the conducting polymer. In another experiment ferrocene carboxylic acid 
was dissolved in an aqueous 0.1 M PBS solution (pH 7.4). The sensor was placed in this 
solution and glucose was added. In this way a response o f 1040 nA/mM was obtained, which 
is considerably higher than the response without this additional mediator present.
A way o f solving the above mentioned problem of low solubility o f EDOT in aqueous 
solution is to add an organic solvent to the polymerization mixture. In the literature only a few
reports describe the effect o f an organic solvent on a biosensor containing immobilized
28glucose oxidase. It was shown that the activity o f the enzyme is retained and in some cases 
even increased in polar organic media containing ~10% water. To test whether in our hands 
glucose oxidase remains active in the presence o f organic solvents, this enzyme was dissolved 
in a small volume o f aqueous 0.1 M PBS solution (pH 7.4) and acetonitrile was added. At 
different time intervals the glucose activity was measured spectrophotometrically. These 
experiments revealed that the enzyme does not significantly loose its activity over a period o f  
two hours (Figure 4.4), suggesting that the use o f glucose oxidase is not limited to aqueous 
buffered solutions.
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Figure 4.4 Activity o f glucose oxidase in acetonitrile containing a small amount (10 v/v) o f  water as a 
function o f time. The initial activity was set as 100%.
In a subsequent series o f experiments acetonitrile/water was used as the solvent mixture to in- 
situ encapsulate glucose oxidase in a matrix o f electrochemically polymerized 3,4- 
ethylenedioxythiophene using a PEDOT-coated track-etch membrane as the working 
electrode. To this end the enzyme was first dissolved in aqueous 0.1 M PBS (pH 7.4) and then 
mixed with acetonitrile to a final solvent ratio o f 1:4 (v/v). 3,4-Ethyl enedioxythiophene (45 
mM) was subsequently added and polymerization was achieved by repetitive scanning 
between 0.2-1.2 V vs. Ag/AgCl. Afterwards, the polymerization mixture was replaced by an 
aqueous 0.1 M PBS solution under an inert atmosphere. Different biosensors prepared in this 
way displayed a response to glucose varying between 10 and 160 nA/mM and concentrations 
up to 15 mM could be measured. A typical calibration curve is presented in Figure 4.5.
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Figure 4.5 Plot o f  the steady-state current measured at 300 mV vs. Ag/AgCl o f a track-etch membrane 
sensor as a function o f the glucose concentration. The electrochemically prepared poly (3,4- 
ethylenedioxythiophene) track-etch membrane was immobilized with glucose oxidase and DEAE 
following a procedure described in the text. Measurements were performed in phosphate buffered 
saline solution o f pH  7.4.
The conclusion, which can be drawn from these experiments is that the sensitivity o f the 
glucose sensor prepared via this mixed solvent route varies over a large range. Further 
research is therefore needed.
4.2.3 Influence of electrostatic interactions
If it would be possible to increase the electrostatic interaction between the enzyme and the 
conducting polymer, the electron transfer process between these two components o f the 
biosensor would become more efficient. Since it is difficult to increase the amount o f doping 
in PEDOT when this polymer is used in aqueous media, it was decided to incorporate a 
positively charged polymer in the conductive matrix o f the biosensor. This was realized by 
adding poly(diallyldimethylammonium chloride) to a polymerization mixture in 
acetonitrile/water (20 v/v%) containing ferric chloride as the polymerization catalyst.
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A track-etch membrane was placed in this mixture and EDOT was added after which initiated 
the formation o f PEDOT started. Subsequently, glucose oxidase was immobilized in the thus 
obtained membrane electrode and the response to glucose was recorded. Unfortenately, no 
difference in signal was obtained compared to a membrane that was prepared without 
poly(diallyldimethylammonium chloride) present in the polymerization mixture. Infrared 
analysis o f the track-etch membrane revealed that the positively charged polymer had not been 
incorporated in the PEDOT-matrix.
More successful were the experiments with the positively charged polymer poly(#-methyl-4- 
vinylpyridine) (PMVP). 3,4-Ethyl enedioxythiophene was chemically polymerized inside the 
pores o f a track-etch membrane using ferric chloride as the oxidant. The reaction was carried 
out at room temperature in a water/acetonitrile (6/1 v/v) mixture containing EDOT and PMVP
29in different molar ratios (6, 3 and 2). The reaction time was 45 minutes. After completion of 
the polymerization, the resulting polymer blend was analyzed by infrared spectroscopy. It was 
found that the concentration o f PMVP in the final blend increased with the concentration of 
this positively charged polymer in the reaction mixture. Glucose oxidase was immobilized in 
these PEDOT/PMVP-derived track-etch membranes by physical adsorption and the response 
to glucose was measured amperometrically. The results are presented in Figure 4.6. As can be 
seen in this figure the response increases when the percentage o f PMVP in the polymer blend 
is higher.
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Figure 4.6 Plots o f  the steady-state current o f  PEDOT-based glucose sensors measured at 0.3 V (vs. 
Ag/AgCl) as a function o f the glucose concentration. Measured in aqueous PBS solution at pH  7.4 
under a nitrogen atmosphere. (A) PEDOT-based membrane. (B-D) PEDOT/PMVP based sensors; (B) 
PEDOT/PMVP molar ratio = 6, (C) Idem = 3, (D) Idem = 2 29
Due to the presence o f the positively charged PMVP, the negatively charged glucose oxidase 
molecules are probably immobilized more strongly to the conducting polymer inside the pores 
of the track-etch membrane leading to a more efficient electron transfer between the reduced 
enzyme and the electrode (Figure 4.7). These findings are in agreement with the work of
30 31Willner et al. ’ who showed that the strength o f the electrostatic interaction between 
negatively charged glucose oxidase and a nitrospiropyran modified gold electrode depended 
on the amount o f positive charges on the latter surface.
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Figure 4.7 (A) Weak electrostatic binding o f  glucose oxidase due to the low amount o f positive 
charges in the PEDOT matrix. (B) Strong electrostatic binding o f this enzyme due to the electrostatic 
interaction between negatively charged glucose oxidase and the positively charged PMPV in this 
matrix. For explanation, see text.
The PMVP-modified glucose sensors were subjected to continuous measurements for a period 
of two weeks in order to test their long-term stability. The initial differences in glucose 
sensitivity o f the sensors (see Figure 4.6) gradually disappeared over this period and all tested 
sensors stabilized around 25 nA/mM. The reason for this behaviour is not known yet.
Under natural conditions, glucose oxidase produces hydrogen peroxide in the presence of 
oxygen. If the working electrode o f the track-etch membrane sensor is capable o f oxidizing 
hydrogen peroxide, it will not be possible to distinguish the process o f oxygen mediation, if  
present, from that o f direct electron transfer from the enzyme to the electrode. To investigate 
this, cyclic voltammetry experiments were carried out on a freshly prepared PEDOT/PMVP 
glucose sensor (Figure 4.8).
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Figure 4.8 Cyclic voltammograms recorded with a PEDOT/PMVP (molar ratio = 3) based track-etch 
membrane biosensor. Measurements were carried out in an aqueous PBS solution (pH 7.4) at 2 mV/s. 
(A) Blank experiment under a nitrogen atmosphere. (B) Response to 0.05 mM hydrogen peroxide. (C) 
Idem to 0.5 mM hydrogen peroxide. (D) Idem to 8 mM glucose.
First, the working electrode was placed in an aqueous PBS solution o f pH 7.4 and a blank scan 
was recorded under a nitrogen atmosphere (Figure 4.8A). Subsequently, the response to 8 mM 
of glucose was determined (Figure 4.8D). Finally, scans were recorded in solutions containing 
0.05 and 0.5 mM of hydrogen peroxide (Figure 4.8B and C). These are hydrogen peroxide 
concentrations, which are significantly larger than the concentrations that can be produced by 
the glucose oxidase enzymes in the glucose sensor. From the data in Figure 4.8 it is clear that 
the track-etch membrane sensor detects hydrogen peroxide only with significant sensitivity 
when the applied potential is higher than 400 mV. More importantly, in a separate experiment 
it became clear that glucose already could be detected using a potential as low as 150 mV vs. 
Ag/AgCl under a nitrogen atmosphere. These results suggest that in the present sensor system 
direct communication between glucose oxidase and poly(3,4-ethyl enedioxythiophene) can 
occur not withstanding the fact that the active site o f the enzyme is hidden deeply inside the 
protein shell. Further research is ongoing to elucidate this intriguing phenomenon o f direct 
electron transfer.
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4.3 Conclusions
The experiments described in this chapter show that poly(3,4-ethylenedioxythiophene)-coated 
track-etch membranes are a suitable matrix for immobilizing glucose oxidase. This matrix can 
be used to construct an amperometric biosensor, which efficiently detects glucose. Evidence is 
presented which suggests that the enzyme molecules in the sensor communicate directly with 
the electrode via the conducting polymer. This sensor device appears to be stable for at least 
one month under continuous operation. Several possibilities have been investigated to 
improve the sensor characteristics. By covalently coupling an external mediator (ferrocene) to 
the enzyme higher sensitivities are obtained. This modification also extends the lifetime o f the 
sensor. The poly(3,4-ethyl enedioxythiophene)-surface does not bind the glucose oxidase as 
tightly as a polypyrrole surface. This is probably a result o f the different morphologies o f these 
two polymers. The surface o f the PEDOT-coated membranes described in this chapter are 
rather smooth, while the polypyrrole-coated ones have a porous structure (see Chapter 3). In 
Chapter 3 it was already shown that the reaction conditions greatly influence the final 
characteristics o f the conducting polymer. Future research to improve the sensor should be 
focused, therefore, on the relation between the morphology o f poly(3,4- 
diethylenedioxythiophene) inside the pores o f the track-etch membrane, the amount o f enzyme 
that can be immobilized, and the tightness o f enzyme binding. The preliminary experiments 
on the electrochemical immobilization o f glucose oxidase in a poly(3,4- 
ethylenedioxythiophene) matrix have shown to be promising as a possible route to improve 
the interaction between the enzyme and the polymer. Because o f its low reproducibility, this 
method needs to be investigated, however, in more detail. Addition o f the positively charged 
poly(#-methyl-4-vinylpyridine) to poly(3,4-ethylenedioxythiophene) leads to a glucose sensor 
with increased electrostatic interaction between the negatively charged glucose oxidase and 
the resulting polymer blend. The glucose response o f this type o f sensor was shown to become 
higher when the ratio o f PMVP to PEDOT increased. The initial differences in the response to 
glucose are gradually lost in time, however, probably due to the degradation o f the PMVP. 
The covalent binding o f the enzyme to the surface o f the conducting polymer is a possibility to 
overcome the mentioned problem of enzyme loss, as will be shown in Chapter 5.
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4.4 Experimental
M aterials and  general methods 
For a description see Chapter 2.
Synthesis o f  the PEDO T-coated track-etch membranes
A Nucleopore track-etch membrane (diameter = 36 mm, pore size = 0.8 ^m) was placed in a 
stirred solution o f 3.5 g (21.5 mmol) ferric chloride in 12 ml o f an acetonitrile/water solution 
(5:1 v/v). Subsequently, 350 mg (2.46 mmol) EDOT dissolved in 0.5 ml o f acetonitrile was 
added at room temperature. After the appropriate time, the track-etch membrane was rinsed 
with water and the PEDOT on the surface o f the membrane was removed by carefully wiping 
with a tissue.
Synthesis o f  ferrocene-modified glucose oxidase (FcGOx)
The pH of a solution o f 46 mg (0.2 mmol) of ferrocenecarboxylic acid in 2.0 ml o f aqueous 
0.15 M Hepes buffer (pH 9.6) was adjusted to pH 7.3 with concentrated HCl. The solution 
was cooled to 0 °C and subsequently 76 mg (0.4 mmol) o f 1-(3-dimethylaminopropyl)-3- 
ethylcarbodiimide. HCl (EDC) and 33 mg (0.3 mmol) o f n-hydroxysuccinimide were added. 
After 30 min the pH was adjusted again to pH 7.3 and 30 mg o f glucose oxidase ([E.C. 
1.1.3.4] type II (265.8 IU/mg) from Aspergillus Niger) was added. After 17 h the reaction 
mixture was centrifuged and the enzyme solution was purified with a Biorad P-6DG column 
using an aqueous 0.1 M PBS solution (pH 7.4) as the eluent. The concentration o f glucose
32oxidase was determined with the help o f a Bradford test.
Synthesis o f  N-(2-methylferrocene)caproic acid  m odified glucose oxidase (Fc-C6-GOx)
33Glucose oxidase was modified with N -(2-methylferrocene)caproic acid33 in a similar way as 
described above, using 70 mg (0.2 mmol) o f N-(2-methylferrocene)caproic acid and 30 mg of 
glucose oxidase.
Iron determination.
The iron contents o f the modified glucose oxidases were determined according to a literature 
procedure.34
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Fluorescein isothiocyanate labeled glucose oxidase
35This modified enzyme was prepared according to a literature procedure.35
Electrochemical polymerization o f  E D O T in the presence o f  glucose oxidase 
A PEDOT-coated track-etch membrane was placed in a flow cell and a degassed aqueous 
0.1M PBS solution (pH 7.4) o f glucose oxidase (5mg/ml) and EDOT (0.56M) was passed 
through the cell. The membrane acted as the working electrode and was combined with a 
platinum counter electrode and a Ag/AgCl reference electrode. A total o f 28 scans between 
0.2 and 1.2 V were recorded. Afterwards an aqueous 0.1 M PBS solution was used to remove 
the excess o f monomer and loosely bound enzyme from the membrane.
Amperometric biosensor measurements
To perform amperometric measurements, the various glucose sensors were placed in a flow  
cell in an aqueous PBS buffer (pH 7.4) and connected to a potentiostat. The potential was set 
to the desirable value. After the background current had diminished sufficiently to a stable 
value, glucose was added to the buffer solution and the resulting current was monitored.
Glucose oxidase activity assay in a track-etch membrane
Enzyme activities o f the track-etch membrane sensors were assayed spectrophotometrically as 
described in Chapter 2.36
Glucose oxidase assay in acetonitrile
Glucose oxidase was dissolved in 1 ml o f an aqueous PBS solution (pH 7.4) and acetonitrile 
(10 ml) was added. Samples (10 ^l) were taken at several fixed time intervals. These were 
diluted with 990 ^l o f the PBS solution. The glucose oxidase activities o f these solutions were
35assayed spectrophotometrically as described earlier.
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Chapter 5
Towards glucose sensors containing covalently anchored 
glucose oxidase
5.1 Introduction
The work presented in the previous chapter has shown that there is room for further increasing 
the stability o f the track-etch membrane glucose sensor. A possibility to realize this is to 
covalently anchor the glucose oxidase enzyme to the conducting microtubules. This requires 
new monomers, i.e. 3,4-ethylenedioxythiophene to which the enzyme can be connected. 
Several mono-functionalized thiophenes have been synthesized in the past, e.g. with long 
alkyl chains, the aim being to increase the solubility and processability o f the resulting 
polymer.1 Redox active groups such as anthraquinones,2 ferrocenes,3 and tetrathiafulvalenes4,5 
and photochromic groups6 have been attached to thiophene monomers, which were 
subsequently polymerized. In a different approach, first the polymers or co-polymers with 
functional groups were synthesized after which the molecules o f interest were coupled to the 
polymerized material. An example o f the latter approach is the DNA-sensor based on 
oligonucleotide-functionalized polypyrroles developed by Garnier et al.9 Bäuerle’s group has 
coupled nucleobases to a conducting polythiophene with the aim of developing a sensing 
device that has specific recognition sites.10 A series o f 3-substituted thiophenes bearing 
substituents (e.g. hydroxyl and ethers groups) to which functional molecules can be attached 
have been prepared and their polymerization characteristics have been evaluated. The
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oxidation potential o f these polymers was found to lay around 1.9 V vs. Ag/AgCl, which is 
high. Bulky side chains in the thiophenes appeared to hinder the polymerization reaction.11 
Copolymers o f thiophene and thiophene derivatives possessing activated esters have been
described and the accessibility o f these ester groups was demonstrated by coupling redox-
12active molecules such as naphtoquinones to the copolymers. This material was used to
13construct a sensor capable o f measuring lactate. Very recently, the synthesis and 
electrochemical polymerization o f thiophenes functionalized with diol-groups were described. 
To this material ferrocene and polysaccharides were coupled.14
The main disadvantage o f the polymeric materials mentioned above, is the fact that they have 
a relatively high oxidation potential and therefore are not suitable for an amperometric sensor 
working at a low polarizing potential. In Chapter 4 it was shown that poly(3,4-ethylenedioxy 
thiophene) (PEDOT) is an excellent conducting polymer, which can be applied in biosensors. 
It would be o f interest, therefore, to copolymerize 3,4-ethylenedioxythiophene (EDOT) with a 
3-substituted thiophene monomer bearing a functional group to give a conducting polymer to 
which the enzyme glucose oxidase can be covalently linked. Since the difference in oxidation 
potentials between EDOT and a substituted thiophene derivative can be expected to be 
substantial (AEox ~0.8 V), the copolymerization conditions have to be chosen in such a way 
that the 3-substituted thiophene will be incorporated into the desired co-polymer. A way to 
achieve this is the use o f a relatively large excess o f the latter monomer.15 An easier approach 
would be the synthesis o f a 3,4-ethylenedioxythiophene analog that has a similar potential as 
EDOT possessing a functional group, which can be used to covalently link glucose oxidase. 
An advantage o f such an analog would be that it can only give a,a-coupling reactions giving 
rise to a more well defined copolymer with enhanced conductivity and stability as compared to 
a copolymer prepared from a 3-substituted thiophene. In this chapter the synthesis o f 3,4- 
ethylenedioxythiophene derivates possessing functional groups is described and their use in 
the development o f a glucose sensor.
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5.2 Results and discussion
5.2.1 Synthesis o f functionalized 3,4-ethylenedioxythiophenes
To date the synthesis o f 3,4-ethylenedioxythiophene derivatives has been mainly aimed at 
increasing the solubility and the processability o f the resulting polymers, which have been 
used to develop electrochromic switches.16 These derivatives bear alkyl chains, which are 
connected to the ethylene bridge o f EDOT. One article describes the preparation o f a hydroxyl 
functionalized 3,4-ethylenedioxythiophene (3b), which, however, could not be separated from
17its isomer (3a). Previous studies have shown that substituting the ethylene bridge in EDOT
for a propylene bridge does not significantly alter the electrochemical behavior o f the resulting
18polymer. We decided to try to synthesize pure 3a, using the same synthetic approach as
17described in the literature but to start from a different compound, namely 1,3- 
diiodopropanediol instead o f epibromohydrin.
Scheme 5.1
1,3-Diiodopropan-2-ol 
K2CO3 / DMF / 90 °C
2  i) KOH / H2O / reflux
ii) Copper chromite 
quinoline / 180 °C
Diethyl 3,4-dihydroxythiophene-2,5-dicarboxylate (1) was prepared by the reaction of
diethylthiodiglycolate with diethyl oxalate using sodium ethoxide as a base.19 Subsequently,
20dialkylation o f 1 with 1,3-diiodopropan-2-ol was carried out in the presence o f K2CO3 using 
DMF as the solvent. After 48 hours a mixture o f 2a and 2b was obtained in a total yield o f 30 
%. Hydrolysis o f 2 was accomplished via a standard procedure using KOH, which resulted in 
a mixture o f 3a and 3b after decarboxylation with copper chromite. The two isomers could not
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be separated using flash chromatography, but from a cold solution of the mixture in diethyl 
ether, small colourless crystals were formed. X-ray analysis revealed that these crystals 
contained exclusively molecules of compound 3a. A  PLUTON drawing21 is shown in Figure
5.1.
A B
Figure 5.1 PLUTON drawing o f 3a. (A) Side view. (B) Top view.
The molecules in the crystal appeared to have two hydrogen bonding motives. A  strong 
interaction was found to be present between the primary hydroxyl groups giving rise to a 
helical array. A  second motive involved aromatic hydrogen atoms o f the thiophene molecules 
and the oxygen atoms of neighboring molecules giving rise to a hydrogen bonding layer.
Since the synthesis o f 3a was rather laborious and only low yields were obtained, a different 
route was developed based on the knowledge available in the group of E.W. Meijer at the
Technical University of Eindhoven. The Eindhoven group has prepared disubstituted
22thiophenes with chiral alkoxy chains starting from compound 5. Precursor 5 (Scheme 5.2) 
was synthesized in three steps from thiophene.23 The latter compound was first completely 
brominated and then selectively debrominated at the a-positions using n-butyl lithium. 
Subsequent aqueous workup yielded 3,4-dibromothiophene,24 which was transferred into 3,4- 
dimethoxythiophene (5) in good yields (~80%) using sodium methoxide and CuO as a 
catalyst. Transetherification of 5 with 1,1,1-tris(hydroxymethyl)ethane in toluene using p- 
toluene sulfonic acid as a catalyst yielded compound 6 in 65 % yield after purification 
(Scheme 5.2). This reaction was also performed using other diols like 1,1,1- 
tris(hydroxymethyl)methane and 2-benzyloxy-1,3-propanediol to give compounds 7 and 8 in 
similar yields (Scheme 5.2 and Table 5.1).
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Scheme 5.2
A ,O O
O
C(CH2OH)2Ri r2
6 , Rï=CH2OH, R2=CH3
7, R!=CH2OH, R2=H
8 , R1=CH2OBz, R2=H
R2  Ri
O O  
5
__ Toluene, pTsOH, reflux
Since it is generally accepted that the transetherification o f dimethoxythiophenes is only
23 25possible with primary alcohols or thiols, ’ an attempt was made to use 3-benzyloxy-1,2- 
propanediol as the reagent in order to investigate the scope o f this reaction. It was found that 
the formation o f 9 occurred when a small amount o f water was present in the reaction mixture 
to prevent dehydration o f the diol. Conversions up to 80 %  (based on 3,4- 
dimethoxythiophene) could be achieved in this reaction. No intermediate products such as 10 
in which only the primary alcohol had reacted, were observed.
A
O oh
.o h  10
O
4
Table 5.1 Synthesis o f  functionalized 3,4-alkoxythiophenes
Compound Ri R2 Yield (%)a
6 Me -CH2OH 65
7 H -CH2OH 63
8 H -OBz 60
9 H -OBz 55
a) Yield after purification o f the compound; maximum conversion for all compounds was ca. 95% 
based on 3,4-dimethoxythiophene.
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The electrochemical characteristics o f the functionalized EDOT derivatives were studied in 
acetonitrile by means o f cyclic voltammetry (CV). As expected, all compounds displayed an 
irreversible oxidation wave upon homopolymerization at potentials comparable to that o f 3,4- 
ethylenedioxythiophene (1.11 V), see Table 5.2. The experiments showed that only 8 formed a 
conducting polymer upon scanning 5 cycles between -1 .0  and 1.4 V vs. Ag/AgNO3. 
Conducting copolymers could be obtained, however, by using a mixture o f EDOT and 
monomers 6 or 9 (molar ratio o f 4 : 1, see CP6 and CP9 in Table 5.2). The occurrence of 
conducting materials in the case of P8, CP6 and CP9 was also evident from the higher 
absorption maxima in the UV-spectra o f these materials, which are a measure o f the effective 
conjugation length o f the polymer chains (compare with the UVmax value o f the nonconducting 
P6, Table 5.2).
Table 5.2 Polymerization and copolymerization o f EDOT and EDOT derivativesa 
Monomer Epox (V)b Polymer Epox (V)c UVmax
(nm)
6
7
8 
9
EDOT : 6f 
EDOT : 9f
1.21
1.24
1.12
1.14
1.06
1.07
P6
P7
P8
P9
CP6
CP9
0.48
d
0.06
-0.00
-0.40
-0.35
537.8
n.d.e
598.3
n.d.e
594.7
595.9
a) In acetonitrile using tetrabutylammonium hexafluorophosphate (TBAH, 0.1M) as the electrolyte 
and a final monomer concentration o f 5 mM; scan rate 100 mV/s.
b) Versus Ag/AgNO3
c) Measured in acetonitrile using tetrabutylammonium hexafluorophosphate (TBAH, 0.1M) as the 
electrolyte vs. Ag/AgNO3 at a scan rate o f 100 mV/s.
d) The exact oxidation potential o f the polymer could not be determined.
e) Not determined.
f)  Molar ratio 4 : 1
Since our studies were aimed at obtaining conducting polymers similar to PEDOT, which are 
able to covalently bind enzymes such as glucose oxidase, a more detailed investigation was 
carried out using the combination EDOT and monomer 6. A typical example o f the 
electrochemical polymerization o f these two monomers (molar ratio 4:1) on a platinum 
electrode is shown in Figure 5.2.
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E (V) vs Ag/AgNO3
Figure 5.2 Electrochemical growth o f a copolymer starting from a 5 mM solution o f EDOT and 6 
(molar ratio 4 : 1) in 0.1 M  TBAH/acetonitrile, scan rate 100 mV/s. Platinum electrodes were used as 
the working electrode and the counter electrode. 15 Scans were taken between -1.0 and 1.4 V vs. 
Ag/AgNO3.
The monomers are electro-oxidized and electropolymerized at potentials higher than 1.0 V vs. 
Ag/AgNO3. The trace crossing on the reverse sweep in the first cycle is typical for a 
voltammogram of monomers yielding a conducting polymer. This feature is called the 
characteristic nucleation loop and is a result o f the initiated nucleation process o f the formed 
conducting polymer.26 The oxidation potentials in the second and later scans shifts to a less 
positive value, which is indicative o f the formation o f oligomers. Upon scanning in positive 
and negative directions, oxidation as well as reduction waves appear at potentials lower than 
zero indicating that an electroactive copolymer is deposited onto the platinum electrode.
In a subsequent series o f polymerization experiments different EDOT-6 ratios were used and 
cyclic voltammetry measurements were carried out on the polymer and copolymer electrodes 
in contact with the tetrabutylammonium hexafluorophosphate (TBAH) solutions without any 
monomers present. Figure 5.3 and Table 5.3 show the latter results. Increasing amounts o f 6 
relative to EDOT in the polymerization mixture leads to copolymers, which display a shift in 
the oxidation potential to more positive values and have a lower conductivity (B-E).
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E (V) vs Ag/AgNO3
Figure 5.3 Cyclic voltammograms o f  copolymers on a platinum electrode, prepared using different 
ratios o f EDOT and 6 measured in a clean solution o f 0.1M TBAH in acteonitrile at a scan rate o f 100 
mV/s. Molar ratio o f EDOT and 6 (A) 100:0, (B) 80:20, (C) 50:50, (D) 20:80, (E) 0:100.
Since the values o f the oxidation potentials are related to the extension o f the conjugated 
system in the polymeric materials, shifts in potential indicate a deterioration o f the electronic 
properties o f the copolymers. This was also reflected in the UV-VIS spectra o f the 
copolymers, which showed maxima at lower wavelengths than the maximum in the spectrum 
of PEDOT (compare PEDOT with CP6A and P6 in Table 5.3). This indicates that the 
incorporation o f 6 into the conducting PEDOT-polymer shortens the conjugation length o f the 
polymer chains.
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Table 5.3 Physical properties o f  copolymers o f EDOT and 6
Polymer Monomer ratio Epox (V)a Epox (V)b UVmax
EDOT : 6 (nm)
PEDOT 100 : 0 Ï7 Ï -0.47c 598.1
CP6A 80 : 20 1.11 -0.33 570.9
CP6B 50 : 50 1.13 -0.14 n.d.d
CP6C 20 : 80 1.19 0.14 n.d.d
P6 0 : 100 1.21 0.48 537.8
a) Measured in acetonitrile/TBAH (0.1 M) vs. Ag/AgNO3 using a final monomer concentration o f 5 
m M at a scan rate o f 100 mV/s.
b) Measured in acetonitrile/TBAH (0.1 M) vs. Ag/AgNO3 at a scan rate o f 100 mV/s.
c) The oxidation potential o f  the polymer could not be exactly determined.
d) Not determined.
The loss in conductivity and conjugation length in the copolymers is not related to the 
presence o f a hydroxyl group in the copolymer, since other studies have already shown that a 
nucleophilic hydroxyl group does not interfere with the synthesis of a conducting 
polythiophene, because the oxidation potential o f this group is found to be higher than 2V vs. 
Ag/AgCl.14
In the next series o f experiments, a copolymer o f EDOT and 6 with a molar ratio o f 4:1 
(CP6A) was chosen for the immobilization o f glucose oxidase. Figure 5.4 shows the cyclic 
voltammograms at different scan rates o f the prepared copolymer in a monomer-free solution 
in acetonitrile containing 0.1M TBAH. The oxidation o f the copolymer already starts at 
potentials lower than -0.6 V vs. Ag/AgNO3.
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E (V) vs Ag/AgNO3
Figure 5.4 Cyclic voltammograms o f copolymer CP6A measured in a monomer free solution o f 0.1M 
TBAH in acetonitrile at different scan rates. (A) 20 mV/s, (B) 50 mV/s, (C) 100 mV/s, (D) 200 mV/s.
The peak currents were found to be linearly dependent on the scan rate v, which is indicative 
of the deposition o f a thin layer o f conducting polymer on the electrode. Furthermore, the
27current appeared not to be limited by the diffusion o f the counter ions. The morphology of 
copolymer CP6A was investigated using scanning electron microscopy (Figure 5.5). Both 
PEDOT and the copolymer appeared to have a similar porous morphology with a large surface 
area making it a suitable matrix to immobilize enzymes to its surface.
Figure 5.5 Scanning electron micrographs o f (A) PEDOT and (B) Copolymer CP6A 
electrochemically synthesized on an ITO electrode. Bar = 1ß m.
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5.2.2 Covalent immobilization of glucose oxidase
Glucose oxidase was covalently coupled to copolymer CP6A via the bifunctional rigid spacer 
4,4’-diisothiocyanatostilbene-2,2’-disulfonic acid (D ID S)28
DIDS
To this end a platinum electrode covered with the copolymer was placed in a cold aqueous 
phosphate buffered solution (0.1 M, pH 7.4) containing DIDS (12 mM) for a period o f 10 
minutes. The enzyme was dissolved in an aqueous PBS (pH 7.4) and subsequently coupled via 
its lysine amine groups to the surface o f the electrode using a immersion time o f 30 minutes. 
The electrode was thereafter rinsed with a fresh PBS solution to remove any adsorbed protein 
and subsequently poised at 350 mV vs. Ag/AgCl. After the background current had stabilized, 
glucose was added under an argon atmosphere and the response to this analyte was measured. 
After repeated attempts no response was observed. The sensor was subsequently dried over 
CaCl2 at 4 °C in order to increase the contact between the conducting polymer and the enzyme
29but this did not lead to a signal for glucose either. With an enzyme activity assay, it was 
demonstrated that there was still active glucose oxidase present at the surface o f the electrode 
(11.6 mlU) even after two days o f washing with buffered solutions. The conclusion from these 
experiments is that a direct electron transfer between the enzyme and a conducting polymer is 
only possible under specific conditions where a good contact between the enzyme and the 
polymer is possible, i.e. in a track-etch membrane sensor as mentioned before in this thesis 
(see Chapters 2 and 4).
In order to achieve electronic communication between the electrode and the enzyme it was 
decided to use an additional mediator. Ferrocene molecules were therefore covalently linked 
with the help o f small hexyl spacers to the primary amine functions o f lysine groups at the 
surface o f glucose oxidase. Experiments described in Chapter 4 already had established that 
this modification of the protein leads to a greatly enhanced electron transfer between the 
active site o f the enzyme and the conducting polymer in a track-etch membrane. The 
drawback o f the system described in Chapter 4 was the gradual loss o f glucose oxidase from
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the track-etch membrane resulting in a decreased sensitivity o f the sensor device. To achieve a 
more stable configuration, the ferrocene modified glucose oxidase (average attachment was 5
30ferrocene molecules per enzyme) was covalently coupled to the conducting copolymer 
CP6A in a similar fashion as described above for the native enzyme. After having removed 
physically adsorbed enzyme from the functionalized electrode by repetitive washing with 
aqueous PBS solutions, the response to glucose was determined under an inert atmosphere.
Glucose (mM)
Figure 5.6 Plot o f the steady-state current as a function o f the glucose concentration as measured 
with a platinum electrode covered with copolymer CP6A to which glucose oxidase had been 
covalently bound. The enzyme was modified with ca. 5 ferrocene groups. Measurements were 
performed at 350 mV vs. Ag/AgCl in a 0.1 M  phosphate buffered saline solution at pH  7.4.
In this case addition o f glucose led to an increase in current with a response time of 
approximately 20 seconds. An almost linear relationship was found between the measured 
current and the glucose concentration in the range o f 0-15 mM and glucose concentrations up 
to 25 mM could be easily determined (Figure 5.6). Switching from an inert to an oxygen- 
saturated atmosphere led to a small decrease in signal (~5-10%), suggesting that this sensor 
device directly shuttles electrons from the enzyme molecules to the electrode using the 
ferrocene molecules31 as mediators rather than transferring these electrons to molecular oxygen 
and detecting them as hydrogen peroxide. The experiment with native glucose oxidase had 
already demonstrated that hydrogen peroxide cannot be detected with this sensor. The stability 
of the sensor was tested daily over a period o f one week. No loss in sensitivity to glucose was
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observed during this period, suggesting that the enzyme was indeed covalently bound to the 
copolymer.
5.2.3 Covalent immobilization of flavine adenine dinucleotide
Another possibility to anchor glucose oxidase to the conducting copolymer is via its cofactor 
flavine adenine dinucleotide (FAD). To achieve this, the cofactor has to be coupled to the 
copolymer and after reconstitution with the glucose oxidase apo-enzyme an active enzyme 
sensor will hopefully be obtained. It was chosen to activate the hydroxyl functions in 
copolymer CP6A for coupling with the help o f carbonyldiimidazole (CDI) in dry acetone. The 
platinum electrode covered with the copolymer was kept in this reagent for 10 minutes and 
then placed in an aqueous PBS solution (0.1 M, pH 8.5) containing flavine adenine 
dinucleotide (FAD, 1 mM). The reaction was allowed to proceed for 1 hour at 4 °C (Scheme
5.3).
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Scheme 5.3 Coupling o f flavine adenine dinucleotide to the activated copolymer CP6A.
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After washing with an aqueous PBS solution (pH 7.4) to remove any loosely bound FAD, 
cyclic voltammetry (cv) was used to characterize the modified electrode (Figure 5.7). CVs 
were recorded over a period o f 8 days. At day 1, clear oxidation and reduction waves were 
observed at -0.34 V and -0.57 V respectively, which are attributed to the anchored FAD, 
demonstrating that the system can reversibly donate and accept electrons. The oxidation and 
reduction waves at higher potentials (0.17 and 0.03 V) are ascribed to the copolymer. After 24
2
O
HO OH
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h (day 2) the FAD waves decreased due to the loss o f non-covalently bound FAD molecules 
and remained stable thereafter for at least 1 week, indicating that the flavine indeed had been 
covalently anchored to the electrode surface.
E (V) vs. ag/AgCl
Figure 5.7 Cyclic voltammograms o f copolymer CP6A functionalized with flavine adenine 
dinucleotide measured in 0.1M aqueous PBS (pH 7.4), at different time intervals. (A) day 1, (B) day 2, 
(C) day 5, (D) day 6, (E) day 8. Scan rate 100 mV/s.
On the first day the electrode was also placed in an aqueous PBS solution (pH 7.4) containing 
0.1M FAD and an increase in the current o f the oxidation and reduction wave was observed. 
The current lowered back to the initial values upon rinsing the electrode with a clean aqueous 
buffer solution, showing that on the modified electrode no irreversible adsorption o f FAD 
occurred, which could obscure the results. It was remarkable to see that the oxidation (-481 
mV, AEpox = 136 mV) and reduction (-657 mV, AEpred = 83 mV) wave o f the FAD cofactor 
shifted to more negative potentials as a function o f time. This indicates that some kind o f  
reorganization process takes place involving either the copolymer or the FAD and allowing 
the flavine to be oxidized at lower potentials. By varying the scanning conditions a linear 
relationship was found between the peak current and the scan rate. This indicates that the 
electroactive polymer was well adhered to the electrode and that the redox processes were not­
diffusion limited (Figure 5.8).
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E (V) vs Ag/AgCl
Figure 5.8 Cyclic voltammograms o f copolymer CP6A functionalized with flavine adenine 
dinucleotide measured in 0.1M aqueous PBS (pH 7.4), at different scan rates. (A) 100 mV/s, (B) 200 
mV/s, (C) 300 mV/s, (D) 500 mV/s.
Finally, the enzyme was reconstituted by placing the modified polymer electrode in an 
aqueous PBS solution (pH 7.4) o f apo-glucose oxidase. After rinsing the electrode in order to 
remove any loosely bound protein, a cyclic voltammogram was taken and compared with a 
voltammogram measured before reconstitution. This experiment showed that approximately 
12 %  o f the bound flavine had lost its capability to directly transfer electrons to the conducting 
copolymer as a result o f the encapsulation by the apo-enzyme. In a subsequent experiment the 
electrode was placed in an aqueous PBS buffer (pH 7.4) and a potential o f 300 mV vs. 
Ag/AgCl was applied. After the background current had stabilized glucose was added under 
anaerobic conditions. This led to a sharp increase in response (Figure 5.9). In a control 
experiment it was shown that glucose could not be oxidized at the FAD-modified copolymer 
electrode without reconstitution o f the enzyme. The possibility that hydrogen peroxide had 
been measured is precluded since the experiment was performed under argon and earlier 
experiments described in this chapter had shown that this species is not detected on this 
electrochemically prepared copolymer. Altogether these results lead to the conclusion that the
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FAD modified electrode functions via a mechanism of direct electron transfer between the 
flavine buried inside the protein and the conducting copolymer.
Time (sec)
Figure 5.9 Plot o f  the current response o f the FAD-modified copolymer electrode to 5 mM o f glucose. 
The electrode was placed in a 0.1M PBS solution (pH 7.4) under an argon atmosphere and poised at 
300 mV vs. Ag/AgCl.
5.3 Conclusions
It is shown in this chapter that derivatives o f 3,4-ethylenedioxythiophene with free or 
protected functional groups can be conveniently synthesized starting from the readily available 
compound 3,4-dimethoxythiophene. Transetherification o f the latter compound is possible 
using 1,3-diols or 1,2-diols (e.g. 3-benzyl oxy-1,2-propanediol) opening a route to a wide 
variety o f functionalized 3,4-ethylenedioxythiophene derivatives. The obtained compounds 
were used as monomers in electrochemical polymerization reactions. Electrochemical analysis 
shows that subtle changes in the structure of the monomers have a significant effect on the 
physical properties o f the resulting polymers. Electroactive copolymers can be synthesized, 
however, from all monomers if  EDOT is used as a co-monomer in the polymerization 
mixture.
In the case o f the copolymer o f EDOT and 6 evidence is presented that the hydroxyl functions 
in 6 are accessible for reactions and can be activated in order to covalently couple glucose
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oxidase or flavine adenine dinucleotide. Using ferrocene modified glucose oxidase, a covalent 
glucose sensor can be prepared, which shows over a wide range o f concentrations a high 
response to glucose, even under oxygen-free conditions. This sensor device is stable for at 
least 1 week without any loss in sensitivity indicating that the enzyme is covalently coupled to 
the conducting copolymer.
In a different approach flavine adenine dinucleotide has been coupled to the copolymer. In this 
modified polymer the oxidation and reduction potential o f the flavine molecules shift to lower 
potentials in time, probably due to rearrangements in the copolymer or in the flavine units. 
Upon reconstituting the flavine-modified polymer with the apo-enzyme o f glucose oxidase a 
sensor is obtained which responds to glucose under an inert atmosphere. It will probably be 
possible to further increase the response o f this flavine-modified biosensor if  a spacer is used 
which can act as a conducting molecular wire between the enzyme and the electrode. Future 
research will be focused on the preparation o f track-etch membranes containing glucose 
oxidase that is covalently coupled to functionalized PEDOT. It is expected that glucose 
sensors based on this material will display a high sensitivity and a long-term stability.
5.4 Experimental
M aterials and  general methods
Diethyl ether, toluene, THF and tetraethylene glycol were purified by distillation from sodium 
metal under a nitrogen atmosphere. DMF was dried over calcium oxide and distilled under a 
nitrogen atmosphere. Dichloromethane and acetonitrile were distilled from CaH2. Quinoline
was distilled prior to use under reduced pressure. All other chemicals were commercially
20obtained and used without further purification. 1,3-Diiodopropan-2-ol, diethyl 3,4­
19 23dihydroxythiophene-2,5-dicarboxylate and 3,4-dimethoxythiophene were prepared 
according to literature procedures. NMR spectra were recorded on a Bruker DPX-200 or a 
Bruker AC-300 spectrometer using tetramethylsilane as an internal standard for 1H NMR and
13CDCl3 for C NMR. Mass spectra were obtained using a VG 7070E mass spectrometer or on 
a Varian Saturn II GC-MS instrument equipped with a HP-1 capillary column and a Varian 
8100 autosampler. Gas chromatography (GC) analyses were performed using a capillary 
column (HP-1, 25 m x 0.31 mm x 0.17 ^m), with nitrogen (2 ml/min, 0.5 atm) as the carrier 
gas and the following temperature program: (a) 100 °C to 250 °C at 15 °C/min, (b) 10 min at
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250 °C (program A). FT-IR spectra were recorded on a Biorad FTS-25 spectrometer. 
Elemental analyses were carried out on a Carlo Erba Ea 1108 instrument. Melting points were 
measured on a Reichert-Jung hot stage, mounted on a microscope and are reported 
uncorrected. The morphologies o f the polymers were examined using a Philips SEM-500 
scanning electron microscope at an accelerating voltage o f 12 kV.
Compounds 2
To 520 mg (2 mmol) o f diethyl 3,4-dihydroxythiophene-2,5-dicarboxylate19 dissolved in 20 
ml o f DMF was added under an inert atmosphere 280 mg (2 mmol) o f K2CO3. A yellow  
suspension was formed which was stirred at room temperature for 1 h. 1,3-Diiodopropan-2-ol 
(624 mg, 2 mmol) was added and the reaction mixture was heated at 90 °C for 48 hrs. 
Thereafter, the mixture was allowed to cool to room temperature, DMF was removed under 
vacuum and the residue was dissolved in diethyl ether. This solution was extracted with water 
(3x), dried (MgSO4) and concentrated. The resulting product was recrystallized from cold 
diethyl ether yielding 187 mg (30%) o f an inseparable mixture o f the two isomers o f 2 as an 
off-white solid. GC analysis (program A) revealed the two isomers at rt = 11.6 and 12.1 min. 
1H-NMR (CDCls): 8 1.36 (t, J = 10.5 Hz, 6H, CH3), 3.92 (m, 1H, OCH2CHOHCH2O), 4.34 
(q, 4H, J = 10.5 Hz, OCH2CH3), 4.2-4 5 (m, 4H, OCH2CHOHCH2O). 13C-NMR (C D O 3): 8 
14.2, 61.4, 70.1, 74.5, 89.2, 152.0, 160.5. GC-MS: m/z 316.
Compounds 3
A mixture o f 1.188 g (3.76 mmol) o f 2a and 2b and 630 mg (16 mmol) o f KOH in 25 ml of 
water was refluxed for 2 hrs and then concentrated to a volume o f 10 ml. Aqueous 
concentrated HCl (2 ml) was added to the ice cooled mixture and the precipitated hydrolyzed 
product was filtrated, washed with ice-cold water and diethyl ether, and dried under vacuum to 
give 654 mg (67 %) o f a gray solid. An amount o f 506 mg (1.95 mmol) o f this solid material 
was dissolved in 5 ml of quinoline and after purging with argon, barium promoted 
copperchromite (200 mg) was added and the mixture was heated for 0.5 h at 180 °C. After 
cooling, diethyl ether was added and the organic layer was extracted with aqueous 1N HCl, 
aqueous 1N NaOH, and finally with water. After drying (MgSO4) and concentrating the 
solution a yellow oil was obtained which was purified by flash chromatography (silica gel, 
hexane-dichloromethane, 10/90, v/v) to yield compound 3 as a mixture o f the two isomers. 
GC-MS (apolar column, start = 70 °C, end = 220C°, 10 C°/min) revealed two isomeric
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products (molar ratio 72(3a) : 18(3b)) with a mass o f m/z = 172; compound 3a, rt = 8.6 min; 
3b, rt = 9.2 min. Compound 3a was selectively isolated as colourless crystals by precipitation 
from a cold solution o f the mixture o f isomers dissolved in diethyl ether. 1H-NMR (CDCl3) of 
3a: 8 2.74 (d, J  = 10.3 Hz, 1H, OH), 3.97 (d, J  = 11.9, 2H, OCH2CHOH), 4.04 (m, 1H, 
CH2CHOHCH2), 4.23 (dd, J  = 11.9; 3.9 Hz, 2H, OCH2CHOH), 6.59 (s, 2H), ThH2. 13C-NMR 
(C D O 3): 8 70.6 (OCH), 74.8 (OCH2), 107.0 (ThC2), 149.9 (ThCs). MS (GC-MS): m/z = 172.
Compound  6
To a mixture o f 500 mg (3.5 mmol) o f 3,4-dimethoxythiophene and 1100 mg (9.2 mmol) of 
1, 1,1-tris(hydroxymethyl)ethane dissolved in 200  ml o f dry toluene was added a catalytic 
amount o f p-toluene sulfonic acid and the mixture was refluxed for 16 hrs over molsieve (4Â). 
The solvent was removed under vacuum and the residue was taken up in dichloromethane. 
The resulting solution was subsequently extracted with water (3x) and the organic layer was 
dried over CaCl2 and concentrated. The crude product was purified by column 
chromatography (SiO2 from ACROS, eluent 50 % hexane in dichloromethane (v/v)), to yield 
456 mg (65%) o f 6 as a white solid. 1H-NMR (CDCl3): 8(ppm) 6.47 (s, 2H, Thiophene-H2,5); 
4.07 (d, 2H, J  = 11.9, OCH2-C-CH2-O); 3.74 (s, 2H, CH2OH); 3.73 (d, 2H, J  = 11.9 Hz, 
OCH2-C-CH2-O); 0.98 (s, 3H, CH3). 13C {1H}-NMR (CDCh): 8(ppm) 153.5 (s, 2C, 
ThiopheneC3,4); 105.6 (s, 2C, ThiopheneC^); 76.5 (s, 2C, OCH2); 65.8 (CH2OH); 43.4 
((CH2O)2C(CH2 OH)CH3); 14.2 (CH3). MS (GC-MS): M+ = 200 [C c jH ^ S f .
Compound  7
This compound was synthesized according to the procedure described for compound 6 . For 
column chromatography ethylacetate-hexane (3:1 v/v) was used as the eluent. A yellow  
impurity could be removed by crystallization o f the product from hot hexane. Starting from 
500 mg (3.5 mmol) o f 3,4-dimethoxythiophene and 440 mg (4.1 mmol) o f 1,1,1- 
tris(hydroxymethyl)methane in 150 ml toluene, 410 mg (63%) o f product was obtained. 1H- 
NMR (C D O 3) 8(ppm) 6.50 (s, 1H, Thiophene-H); 4.16 (double AB, 4H, J 1 = 20.4 Hz, J 2 =
12.2 Hz, J 3 = 5.3 Hz, O-CH2-CH-CH2-O); 3.88 (d, 2H, J  = 6.8 Hz, CH2-OH); 2.35 (m, 1H, O- 
CH2-CH-CH2-O). 13C {1H}-NMR (CDCl3) 8(ppm) 149.9 (s, 2C, T h io p h e n e ^ );  105.9 (s, 
2C, Thiophene-C2,5); 71.8 (s, 2C, O-CH2-CH-CH2-O); 60.9 (s, 1C, CH2-OH); 44.9 (s, 1C, O- 
CH2-CH-CH2-O). GC-MS (EI): 4.88 min, M+ = 186 [ C ^ ^ S f .
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Compound  8
To a mixture o f 230 mg (1.6 mmol) o f 3,4-dimethoxythiophene and 320 mg (1.8 mmol) o f 2- 
(benzyloxy)-1,3 propanediol dissolved in 75 ml o f dry toluene was added a catalytic amount 
of p-toluene sulfonic acid and the mixture was refluxed for 16 hrs over a mixture of 4Â and 
5Â molsieve. The solvent was removed under vacuum and the residue was taken up in 
dichloromethane. The solution was extracted with water (3x) and the organic layer was dried 
over CaCl2 and concentrated. The crude product was purified by column chromatography 
(SiO2 from ACROS, eluent 50 % hexane in dichloromethane (v/v)), to yield 252 mg (60%) of 
8 as a yellow oil. 1H-NMR (CDCl3) 8(ppm) 7.35 (m, 5H, C-H  aromatic); 6.48 (s, 2H, 
Thiophene-H); 4.66 (s, 2H, O-CH2-C6H5); 4.20 (double AB, 4H, J 1 = 18.6 Hz, J2 = 12.4 Hz, 
J 3 = 4.3 Hz, O-CH2-CH-CH2-O); 4.00-3.90 (m, 1H, O-CH2-CH-CH2-O). 13C {1H}-NMR  
(CDCl3) 8(ppm) 149.0 (s, 2C, Thiophene-C3,4); 138.0 (s, 1C, C-ipso aromatic); 128.5 (s, 2C, 
C3,5 aromatic); 128.0 (s, 2C, C2,6 aromatic); 127.7 (s, 1C, C4 aromatic); 105.0 (s, 2C, 
Thiophene-C2,5); 76.9 (s, 1C, O-CH2-CH-CH2-O); 71.6 (s, 2C, O-CH2-CH-CH2-O); 71.5 (s, 
1C, O-CH2-C6H5). GC-MS (EI): 18.82 min, M+ = 262 [ C ^ H ^ S f .
Compound  9
This compound was synthesized according to the procedure described for compound 6. 
Starting from 200 mg (1.4 mmol) o f 3,4-dimethoxythiophene and 310 mg (1.7 mmol) o f 3- 
benzyloxy-1,2-propanediol, 202 mg (55%) of product was obtained. It should be noted that the 
reaction must not be carried out in extremely dry toluene, as 3-(benzyl oxy)-1,2-propanediol 
decomposes overnight at reflux temperatures, as a result of a pinacol-rearrangement. Addition 
of a drop o f water was found to improve the yield dramatically (from 3 to 55%). 1H-NMR 
(CDCl3) 8(ppm) 7.33 (b, 5H, C-H aromatic); 6.32 (d, 1H, J  = 3.7 Hz, Thiophene-H2); 6.31 (d, 
1H, J  = 3.7 Hz, Thiophene-Hj); 4.59 (s, 2H, O-CH2-C6H5); 4.33 (b, 1H, O-CH2-CH-O); 4.13 
(m, 2H, CH2-O-CH2-C6H5); 3.68 (double AB, 2H, J 1 = 26.1 Hz, J2 = 10.3 Hz, J 3 = 5.9 Hz, O- 
CH2-CH-O). 13C {1H}-NMR (CDCl3) 8(ppm) 149.1 (s, 2C, Thiophene-C3A); 137.8 (s, 1C, C- 
ipso aromatic); 128.5 (s, 2C, C2,6 aromatic); 128.0 (s, 1C, C4 aromatic); 127.8 (s, 2C, C3,5 
aromatic); 105.3 (s, 2C, Thiophene-C2,5); 77.2 (s, 1C, O-CH2-C6H5); 76.9 (s, 1C, O-CH2-CH-
O); 71.6 (s, 1C, O-CH2-CH-O); 71.5 (s, 1C, CH2-O-CH2-C6H5). GC-MS (EI): 17.87 min, M+ 
= 262 [C14H14O3S]+, 156 [CtH8O2S]+, 91 [C y ^ f .
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X-ray diffraction
Crystals o f 3a suitable for X-ray diffraction studies were obtained by crystallization from a 
cold solution (-20 °C) in diethyl ether. A single crystal was mounted in air on a glass fiber. 
Intensity data were collected at room temperature. An Enraf-Nonius CAD4 single-crystal 
diffractometer (Cu-Kalpha radiation, theta-2theta scan mode) was used. Unit cell dimensions 
were determined from the angular setting o f 25 reflections. Intensity data were corrected for
32Lorentz and polarization effects. Semi-empirical absorption correction (psi-scans) was
33applied. The structure was solved by the program CRUNCH and was refined with standard
2 34methods (refinement against F o f all reflections with SHELXL97 ) with anisotropic 
parameters for the non-hydrogen atoms. The hydrogens o f the hydroxyl groups were taken 
from a difference Fourier map and were freely refined. All other hydrogens were initially 
placed at calculated positions and were freely refined subsequently. A summary o f the 
structure determination is given in Table 5.4.
Table 5.4 Crystallographic data for 3 a
Crystal colour / shape 
Crystal size (mm)
Empirical formula 
Formula weight (g/mol)
Temperature (K)
Radiation / wave length
Crystal system
Space group
Unit cell dimensions
(25 refelections, 40.041 < 0 < 46.841)
Volume
Z
Calculated density 
Adsorption coefficient 
Diffractometer / scan 
F(000)
0-range for data collection
3a
Transparent / regular lump
0.39 x 0.33 x 0.18
C7H Ä S
172.19
293 (2)
Cooka (graphite monochrom.) / 1.54184 Â 
Monoclinic 
P 21/n
a = 13.2091 (8), 90 deg 
b = 6.3132 (6), 94.333 (5) deg 
c = 27.1076 (16), 90 deg
2251.1 (3) Â3
12
1.522 Mg/m3 
3.469 mm-1
Enraf-nonius CAD4 / theta-2theta 
1080
3.27 to 69.97 deg.
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Index ranges
Reflections collected / unique 
Reflections observed 
Absorption correction 
Range of relat. transm. factors 
Refinement method 
Computing
Data / restraints / parameters 
Goodness-of-fit on F2 
SHELX-97 weight parameters 
Final R indices [I>2g(I)]
R indices (all data)
Largest diff. peak and hole
-16<h<16, -7<k<0, -33<l<0 
4360 / 4267 [R(int) = 0.0508] 
3894 ([Io>2g(Io)]
Full-matrix least-squares on F2 
SHELXL-97 (Sheldrick, 1997) 
4267 / 0 /3 9 4  
1.118
0.083400 1.24400 
Rj = 0.0469, wR2 = 0.1379 
Rj = 0.0501, wR2 = 0.1415 
0.346 and -0.508 e / Â3
Semi-empirical from y-scans
1.299 and 0.859
Electrochemistry
All polymerization and copolymerization experiments were carried out in a three-electrode 
electrochemical cell in a glove box in which a dry and oxygen-free atmosphere was 
maintained. A conventional three-electrode cell with platinum working and auxiliary 
electrodes and a Ag/AgNO3 electrode as the reference was used. The latter electrode consisted 
of a silver wire immersed in a 0.1 M tetrabutylammonium hexafluorophosphate (TBAH) 
solution in acetonitrile conatining 0.1M AgNO3. The background electrolyte was 0.1M TBAH 
in acetonitrile, unless indicated otherwise. The cell was calibrated (Ri compensation) before 
each measurement using the ferrocene/ferricinium couple. Electrochemical characterization 
during the polymerization experiments was performed using a PGSTAT 10 Eco Chemie Auto 
Lab electrochemical instrument. For the optical absorption studies and the electron 
microscopy experiments the polymers and copolymers were electrochemically deposited on an 
ITO-coated glass electrode. Measurements in aqueous solutions were performed in 0.1M PBS 
solutions using a reference Ag/AgCl electrode.
Covalent coupling o f  glucose oxidase
A copolymer o f 3,4-diethylenedioxythiophene and 6 (molar ratio 4:1) was grown on a 
polished Pt-electrode from an acetonitrile solution containing 5 mM of the monomers as well 
as 0.1 M TBAH. A total o f 15 repetitive scans were run between -1  and 1.4 V. The modified
100
Towards glucose sensors containing covalently anchored glucose oxidase
electrode was subsequently placed in an aqueous PBS solution (0.1M, pH 7.2) containing 
4,4’-diisothiocyanostilbene-2,2’-disulfonic acid (DIDS, 12 mM) for 10 min. at 0 °C. Next, this 
solution was replaced by a PBS solution (pH 7.2) containing glucose oxidase (1 mg/ml). The 
electrode was kept in this solution for 30 min and finally rinsed with aqueous PBS solution.
Covalent coupling o f  flavine adenine dinucleotide
A copolymer o f 3,4-diethyl enedioxythiophene and 6 (molar ratio 4:1) was grown on a Pt 
electrode as described above. The modified electrode was subsequently placed (1h) in a 
solution o f carbonyl-diimidazole (0.35M) in acetone and then in for 1h in a solution o f flavine 
adenine dinucleotide (0.1mM) dissolved in an aqueous 0.1 M PBS solution (pH 7.2). Finally,
the electrode was rinsed with a buffered solution. The modified electrode was placed in a
28PBS solution (pH 7.2) containing the apo-glucose oxidase (1 mg/ml). The electrode was 
kept in this solution for 16h and finally rinsed with aqueous PBS solution.
Enzyme activity assay
35Enzyme activity was assayed spectrophotometrically as described in Chapter 2.
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Chapter 6
Silica-based hybrid materials as biocompatible coatings for 
glucose sensors
6. 1 Introduction
Since Clark and Lyons reported their enzyme electrode for measuring glucose in 1962, an
1 2enormous amount o f literature has been published concerning enzyme-based biosensors. 
Glucose is by far the most studied analyte in this field o f research, primarily due to its 
importance in human metabolic processes. Continuous glucose sensing with a stable in vivo 
glucose sensor is expected to lead to improved regulation o f the glucose concentration and 
thus to a reduction o f the number o f complications in diabetes mellitus patients. We have 
reported on a glucose sensor based upon polypyrrole and poly(3,4-ethyl enedioxythiophene) 
(PEDOT) microtubules in which glucose oxidase was immobilized.4,5 Levels o f glucose could 
be measured in vitro for a period extending three months.5,6 However; to obtain reliable 
glucose measurements in vivo , an outer coating o f the sensor is required in order to prevent 
contact between tissue and polypyrrole or PEDOT. The coating should minimize the 
encapsulation o f the sensor after implantation to obtain a sufficiently fast response to changes 
in the glucose level. Several coatings have been published in the literature, such as
7 89 10 11 1213celluloseacetate, polyethyleneglycol, , poly(vinyl chloride), polyurethane and Nafion, , 
but the in vivo tests in general were disappointing, making that there is still room for 
improvement.14 Sol-gel derived silicates15-19 are promising candidates for application as 
coatings, since they have been demonstrated to be highly compatible with enzymes, even
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20-24stabilizing and protecting these biomolecules. ' The chemical properties o f these materials
25can be tuned by the addition o f organic components as was exemplified by Tian et a l who 
prepared a biodegradable hybrid material from silicates containing poly(e-caprolactam). 
Narang et al26 encapsulated glucose oxidase in a sol-gel and measured glucose for a period of 
over two months. No attempts, however, were made to test the biocompatibility o f these 
hybrid materials in biomedia.
In this chapter we describe the biocompatibility o f tetraethylorthosilicate (TEOS) based 
composite materials containing heparin (sg-hep), dextran sulfate (sg-ds), nafion (sg-naf), 
polyethylene glycol (sg-peg) and polystyrene sulfonate (sg-pss). In separate experiments we 
tested these hybrid materials as coatings for our glucose sensors. Preliminary results o f in-vivo
27biocompatibility studies are also reported.
6.2 Results and discussion
The organic-inorganic hybrid coatings were prepared from tetraethyl orthosilicate (sg) and 
polyethylene glycol (sg-peg), heparine (sg-hep), dextran sulfate (sg-ds), nafion (sg-naf) or 
polystyrene sulfate (sg-pss) as described in the experimental section. It was found that the 
additives had a positive effect on the physical behaviour o f the coatings. Whereas pure sol- 
gels showed to be brittle, the hybrid materials were more flexible, making them easier to 
handle. The contact angles with water were measured in order to investigate the influence of 
the different additives on the wettability o f the coating (Table 6.1). Addition o f heparin, 
dextran sulfate or polyethylene glycol to the sol-gel resulted in a material, which showed 
significantly lower contact angles compared to the pure silicate. In contrast, the addition of 
nafion or polystyrene sulfonate did not have a significant influence on the contact angle. Prior 
to the cell culture experiments all coatings were sterilized using a radiofrequency glow  
discharge treatment, which led to a reduction o f the contact angles (Table 6.1). All films now 
showed high wettabilities.
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Table 6.1 Physical properties o f  sol-gel coatings.
Entry Additive3 Contact Angleb Contact Angleb Ratio
0 before RFGD 0 after RFGD S/Sic
SG 36.8±4.5° 4.5±1.4°
SG-hep Heparine (5)d 6.9±6.3° 3.2±1.6° 0.356
SG-ds Dextran sulfate (5)e 3.0±1.2° 2.7±0.8° 0.238
SG-naf Nafion (2.5)f 31.0±6.2° 3.3±1.2°
SG-peg Polyethylene glycol 5.1±3.3° 2.4±1.2°
(10)g
SG-pss Polystyrene sulfonate (2.5)h 25.9±4.6° 3.0±2.4° 0.597
a) The weight percentage o f additive in the sol-gel is given between brackets. b) Average o f 10 
measurements, RFGD = Radiofrequency Glow Discharge Treatment. c) Determined with XPS. d) 20 
Mg o f heparin was added to 320 jjL o f water and 80 jjL o f the sol. e) 20 M g o f dextran sulfate was 
added to 320 jiL o f water and 80 jiL o f the sol. f) 500 jiL o f nafion was added to 500 jiL o f the sol. g) 
100 Mg o f polyethylene glycol was added to 500 jiL o f water and 500 jiL o f the sol. h) 10 Mg o f  
polystyrene sulfonate was added to 320 jiL o f water and 80 jiL o f the sol.
Cell proliferation analysis was used to assess the cytotoxicity o f the coatings (Figure 6.1a). 
Human dermal fibroblasts were grown on sol-gel coated Thermanox coverslips for several 
days and at the end o f the incubation the number o f cells present was determined. Despite the 
fact that the hydrophilicities o f the coatings were similar, distinct differences were found in 
their effect on cell proliferation. The sg, sg-hep, sg-naf and sg-peg coatings give rise to a cell 
proliferation comparable to that of the reference surface. The rate o f cell proliferation in the 
case o f sg-pss and sg-ds was found to be much lower. To further investigate the toxicity o f the 
coatings, the morphology o f the cells was investigated by scanning electron microscopy 
(SEM). Evaluation showed that sol-gel coatings with heparin, nafion and polyethylene glycol 
were covered with a uniform layer o f human dermal fibroblasts after eight days o f cell 
growth. Figure 6.1b shows a typical example.
107
Chapter 6
2.0x10-
1.5x10-
g 1.0x105 -
IDo
5.0x104 -
0.0 a d j3 d l
I I Day 1 
I I Day 3
I I Day 6 
Day 8
control sg sg-peg sg-naf sg-ds sg-pss sg-hep
A
Figure 6.1. (A) Cell proliferation o f human dermal fibroblasts on different sol-gel surfaces. (B) 
Scanning electron micrograph o f a sol-gel heparin coated surface after eight days o f incubation. Bar 
represents 10 jlm.
Electron micrographs of the assays containing polystyrene sulfonate or dextran sulfate showed 
only a few fibroblasts. Nevertheless, the morphology of the cells was normal. XPS was used 
to investigate the amount o f sulfate groups present at the surface o f the sol-gel coatings (Table
296.1). It was found that the ratio S : Si at the surface o f sg-ds is smaller compared to sg-hep. 
Furthermore, sg-pss appears to have more sulfate groups at its surface than the other coatings. 
Infrared analysis revealed that the sulfate groups in the sol-gel coating containing dextran
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sulfate were to a lesser extent involved in hydrogen bonding than those in sg-hep (3399 cm-1 
vs. 3242 cm-1). The sulfonate groups in sg-pss also showed weaker hydrogen bonds (3299 cm-
1) than those in sg-hep. It is known that the cellular response o f a coating is controlled by
O A
small reactive areas rather than by the non-reactive bulk material at the surface. Based on 
these findings, we tentatively propose that the differences in cell growth rates are related to 
the amount and distribution o f free sulfonate groups on the surface o f  the composite films. A  
large number o f these groups decreases the amount o f protein that is adsorbed, thereby 
lowering the rate o f  cell proliferation.
The results presented above show that all coatings studied are non-toxic for fibroblasts. In a 
subsequent series o f  experiments, these sol-gel films were tested as coatings on an 
amperometric glucose sensor. This sensor contained glucose oxidase immobilized inside 
polypyrrole microtubules.4,5 The conducting polypyrrole microtubules were prepared by 
diaphragmatic oxidative polymerization o f  pyrrole inside the pores o f  a track-etch membrane 
(Figure 6.2A).
Figure 6.2 (A) Scanning electron micrograph o f a polypyrrole track-etch membrane. Bar represents 
10 jjm. (B) Scanning electron micrographs o f a polypyrrole track-etch membrane after coating with 
sg-hep. Bar represents 10 fim. (C) Scanning electron micrograph o f a cross-section o f a polypyrrole 
track-etch membrane. Bar represents 1 \lm. (D) Scanning electron micrograph o f a cross-section o f a 
polypyrrole track-etch membrane after coating with sg-hep. Bar represents 10 }lm. The black lines in 
(C) and (D) mark the porediameter, which are ca. 0.9 /am in (C) and ca. 0.5 /am in (D).
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The backside o f this membrane was covered with a thin layer o f platinum. Immobilization of 
glucose oxidase inside the pores o f this membrane was achieved by soaking the membrane in 
an aqueous solution o f the enzyme followed by drying overnight. The glucose sensor thus 
obtained was covered with the sol-gels by spin coating. Energy dispersive spectrometry using 
a Scanning electron microscope (SEM-EDS) was applied to confirm whether the sensors had 
been effectively coated with a layer o f the sol-gels. Not all pores at the surface were covered 
with the sol-gel (Figure 6.2B). A cross-section o f the membrane was made to investigate the 
coating inside the pores. The diameter o f the untreated polypyrrole microtubules was 
approximately 0.9 im  (Figure 6.2C). After application o f the sol-gel layer, this diameter 
decreased to 0.5 im  due to penetration o f the sol into the interior o f the microtubules (Figure 
6.2D). Amperometric measurements o f glucose in a phosphate buffered saline solution (pH
7.4) were subsequently performed in a flow cell at an applied potential o f 300 mV vs 
Ag/AgCl (Figure 6.3).
Pores with polypyrrole 
and adorbed enzyme
Sol-gel
coating
Figure 6.3 Schematic representation o f the track-etch membrane biosensor.
Calibration o f the coated sensors revealed responses for glucose o f ca. 40 nA/mM. As an 
example, the calibration curve of a sensor coated with sg-ds is shown in Figure 6.4A. All 
sensors showed to be stable over a period o f at least two weeks without any loss o f sensitivity. 
Since 80 % of the total amount o f protein in serum or tissue fluid is albumin, first the 
influence o f this protein on the glucose response was investigated. Measurements performed 
in bovine serum albumin solutions (40 g/L) showed stable responses for all sensors.
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Figure 6.4 (A) Plot o f  the steady-state current o f  a sol-gel dextran sulfate coated glucose sensor 
measured at 0.300 V (vs. Ag/AgCl) as a function o f the glucose concentration. Experiments were 
carried out in an aqueous PBS buffer o fpH  7.3 under an ambient atmosphere. (B) Plots o f  the glucose 
responses o f the uncoated and sol-gel coated sensors relative to glucose responses in phosphate 
buffered solutions (100%). Experiments carried out in albumin solutions (40 g/L, white bars) and in 
serum (black bars) (n=6).
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The sg-ds gave the highest response o f all coatings, possibly because it’s free sulfate groups 
retard the adsorption o f proteins most efficiently, see Figure 4B. The results in this figure are 
in agreement with the cell proliferation experiments. To further investigate the properties of 
the sol-gel coatings, glucose was also measured in serum. In this medium the responses o f the 
uncoated sensors dropped dramatically and the signal became unstable. The sg-pss coated 
sensor appeared to have the lowest sensitivity for glucose comparable to that o f the uncoated 
sensor, although the signal remained stable, unlike the latter one. The reason for this is as yet 
unknown. Again the sol-gel coating with dextran sulfate gave the highest response to glucose.
Finally, an in vivo experiment was performed. To this end, the different sol-gels were coated 
on polystyrene discs and inserted subcutaneously into the dorsal subcutis o f New Zealand 
white rabbits (n=7). The implants were placed in two separate surgical sessions and stayed in 
situ  for periods o f 4 and 12 weeks. During each session, the implants were placed on either 
side o f the spinal column, enabling the evaluation o f two implantation periods in one rabbit. 
For every period o f implantation, six implants with different coatings were placed in each 
rabbit. At the end o f the test periods, the implants with surrounding tissue were retrieved and 
examined histologically by measuring the thickness and studying the quality o f the fibrous 
capsule surrounding the implants. This evaluation revealed that, independent o f the 
implantation period, the tissue response to all sol-gel coatings was rather similar. A relatively 
thin fibrous capsule was found to surround all materials. This capsule contained fibrocytes, 
collagen and blood vessels and was commonly free o f inflammatory cells. The conclusion of 
these experiments is that all sol-gel coatings showed a fair tissue response and exposed a good
27biocompatibility. These in vivo results are described in more detail elsewhere.
6.3 Conclusions
In summary, we have shown that TEOS-based sol-gel materials can be used as biocompatible 
coatings both in vitro and in vivo. These silicates can be prepared easily and the cell 
proliferation rate can be tuned by the incorporation o f polymers. It is proposed that the 
amount and distribution o f free sulfonate groups at the surface of these coatings controls the 
protein adsorption and thereby the rate o f cell proliferation. Furthermore, the cell morphology 
experiment shows that none o f the coatings are toxic. The present materials are easily 
applicable on a glucose sensor leading to a stable and higher glucose response in serum, when
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compared to an untreated glucose sensor. Finally, the in vivo experiments in rabbits show that 
all sol-gel coatings are biocompatible.
The sol-gel containing dextran sulfate appears to be the most promising coating for an 
implantable glucose sensor. This hybrid material showed to be non-toxic and also slows down 
the growth o f fibroblasts on its surface, which is important since a thick capsule could inhibit 
the diffusion o f glucose to an implanted glucose sensor. The glucose measurements also 
showed that the sensors coated with dextran sulfate containing sol-gel had the highest 
response and stability to glucose. In the future, glucose measurements in vivo will be carried 
out to evaluate the real merits o f these types o f hybrid materials as biocompatible coatings for 
glucose sensors.
6.4 Experimental Section
M aterials and  general methods 
For a description see Chapter 2.
Preparation of the sol-gel coatings
To tetraethylorthosilicate (TEOS, 4.5 ml) was added 1.4 ml water and 0.1 ml aqueous 1.0 N  
HCl. The two-phase system was stirred vigorously for 3 h and mixed with an aqueous solution 
of the additive. Subsequently, 80 iL  o f the resulting sol was spincoated onto the surface o f a 
Thermanox coverslip, using a spinspeed o f 3000 rpm. The coatings were aged at room 
temperature for at least two days. Before cell culture experiments, all substrates were 
sterilized by a radiofrequency glow discharge treatment (RFGD, 5 min., 100 mTorr, argon).
Contact angle measurements
The contact angles o f the sol-gel coatings were determined before and after RFGD treatment
28using the sessile drop method. A drop o f milli-Q water (10 iL ) was placed on the test 
substrates. The drops were photographed immediately after positioning. The contact angle (0) 
was calculated from the height (h) and base (b) o f the drop according to a literature 
procedure.28
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X P S measurements
These experiments were carried out with a VG Escalab-200 spectrometer using an aluminium 
anode (Al K a= 1486.3 eV), with a background pressure o f 2x10-9 mbar. High-resolution 
spectra o f silicon (2p) and sulfur (2p) where recorded using the VGS500 data system.
Cell proliferation
Suspensions o f human dermal fibroblasts (1ml, 1x104 cells/ml) were spread on sterilized sol- 
gel coated Thermanox® coverslips and the cells were incubated for 1, 3, 6, and 8 days (37 °C, 
5% CO2/air), respectively. The growth medium was refreshed every two days. At the end of 
the incubation period, the cells were harvested by trypsin treatment (0.25% w/v) and counted 
using a Coulter counter. Uncoated Thermanox® coverslips were used as reference surfaces. 
The assay was performed twice and each time in quadruplicate. Growth curves were plotted 
and compared.
Cell morphology
Cells were grown for 8 days on sterilized sol-gel coatings, and fixed with 2% v/v 
glutaraldehyde in aqueous 0.1 M sodium cacodylate buffered solution for 30 min. at 4 °C, 
rinsed twice in cacodylate buffer and dehydrated with a graded series o f water/ethanol 
mixtures. Subsequently, the samples were dried with tetramethylsilane, sputtered with gold 
and investigated with a Philips SEM-500 Scanning Electron Microscope at an accelerating 
voltage o f 12 kV and a working distance o f 4 cm. The experiments were performed in 
triplicate.
Preparation of the glucose sensor
Pyrrole was chemically polymerized within the pores o f Cyclopore membranes (pore size 1.0 
iM ) in a specially designed reaction vessel (see Chapter 2).4 Polymerization was achieved 
with freshly prepared solutions o f iron(III) chloride (2.0 M) and pyrrole (0.6 M) in distilled 
water and stopped after 1 min by rinsing the membrane with water. The excess o f polymer 
was removed by carefully wiping the membrane surface with a tissue. A layer o f platinum 
(thickness ca. 50 nm) was sputtered on the backside o f the membrane with a Baltec SCD 005 
sputter coater to ensure good electrical contact. Enzyme immobilization was achieved by 
agitating the membrane in 10 ml o f an aqueous phosphate buffer (pH 7.4) containing glucose 
oxidase (5 mg/ml) and dextran (10 mg/ml) for 30 min. The membrane was subsequently dried
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over CaCl2 at 4 °C for 16 h. The immobilized track-etch membrane was then replaced in a 
degassed aqueous phosphate buffer (pH 7.4) containing resorcinol (15 mM) and 1,3- 
diaminobenzene (15 mM), to prepare a coating capable o f preventing electrochemical fouling 
of the sensor. Electropolymerization o f resorcinol/1,3-diaminobenzene was achieved by 
repeatedly scanning (10 times) between 0.0 and 0.8 V vs Ag/AgCl with a scan speed o f 2 
mV/s. The sensor was placed on a spin coater and 200 i l  o f the sol-gel solution was applied to 
one side o f the membrane. After spinning for 30 s at 3000 rpm, the membrane was dried for 
two days at room temperature.
Amperometric measurements.
To perform amperometric measurements, the glucose sensor was placed as the working 
electrode in a three-electrode flow cell. The metal-coated rear o f the membrane was attached 
to a glassy carbon disk (diameter = 8 mm). To insulate the active surface o f the membrane 
from the counter electrode, the sensor was covered with a Teflon spacer o f 1 mm thickness. In 
the spacer a duct o f 0.15 cm was left, allowing the membrane to make contact with the 
solution. An Ag/AgCl electrode was used as a reference. The base o f the flow cell acted as the 
counter electrode. Buffer solution was driven through the flow cell (1.75 ml/min) with a 
Watson Marlow peristaltic pump. The potential o f the membrane was set on 300 mV. When 
the background current had diminished (<100 nA), the buffer solution was replaced by a 
solution containing glucose and the current was monitored.
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Synthesis and properties of biocompatible polystyrenes
7.1 Introduction
Until now, clinical results o f implanted sensory devices, such as glucose sensors have been 
disappointing. The major reason o f failure is a progressive loss o f sensor output.1 It has been 
suggested that adsorption o f biomolecules (e.g. proteins) at the implant surface and chemical 
reactions resulting from inflammation are disturbing factors. These features appear to be 
strongly dependent on the interfacial interactions between the implant and surrounding 
medium at the implantation site. In order to construct a glucose sensor with optimal 
performance, a protective biocompatible surface for the device is required, which minimalizes 
the adsorption o f proteins and hence, acts as an outer interfacial membrane that ensures 
minimal encapsulation to obtain a sufficiently fast response to changes in the glucose level.
It is known that polystyrene is non-toxic and is generally used as a substrate for in vitro 
growth o f cell cultures. For this purpose polystyrene is made hydrophilic via plasma 
treatment. Several other approaches to prepare biocompatible surfaces have appeared in the 
literature. In an attempt to mimic the glycocalix o f the cell membrane, polystyrene molecules 
with lactose side chains have been synthesized via a radical polymerisation reaction. Also
2 5copolymers derived from styrene and sugars containing a vinyl function have been reported. 
Furthermore, a surfactant polymer derived from poly(vinylamine) with pendant dextran and
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hexanoyl groups has been described, which was found to align on a hydrophobic surface.6,7 
Unfortunately, to date all these polymers and copolymers have not been tested with regard to 
their biocompatibility properties.
Another frequently used polymer in the field of biomaterials is polyethylene glycol (PEG). 
This flexible polymer is known to be highly resistant to protein adsorption in aqueous media. 
When PEG chains are grafted on to polystyrene lattices, the adsorption of proteins from 
plasma is reduced by 60%.9 Based on this technology, Heller et al10 have developed a 
hydrogel based on a star-shaped polyethylene glycol derivative with terminal amine groups, 
which is cross-linked with activated carboxylic acids. This material can be potentially applied 
as a coating for glucose sensors. A copolymer of PEG and acrylates has been actually tested 
on a biosensor. A dummy glucose sensor provided with this coating was implanted in a rat for 
three days. Histology showed that after this period a thinner capsule had been formed around 
the sensor compared to a non-coated sensor.11
A major part of the cell membrane consists of electrically neutral phospholipids, which
12contain phosphorylcholine groups. For this reason, phosphorylcholines have been used 
extensively as functional groups in polymers with amphiphilic properties designed for
biomedical applications.13-19 Ishihara and co-workers have used these polymers to synthesize
20biomaterials which exhibit good blood compatibility. The methacryloyloxyethyl
phosphorylcholine copolymers prepared by them showed this favourable behaviour due to the
21adsorption of lipids from plasma, which formed bilayers, thereby reducing the adsorption of
22proteins at the interface.
In this study, we aim at tuning the cell growth properties of polystyrene via the attachment of
8 22 tetraethylene glycol and phosphorylcholine groups, since these materials have been shown
to resist cell attachment and growth. Styrene monomers modified with phosphorylcholine and
tetraethylene glycol groups have been synthesized and polymerized via a radical
polymerisation using a ,a ’-azobis(isobutyronitrile) (AIBN) as the initiator. The polymers were
characterised by different physical techniques. The in vitro cytotoxicity was tested by human
dermal fibroblast proliferation and morphology experiments.
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7.2 Results and discussion
1-(4-Vinyl)benzyloxy-4-(phosphorylcholine)butane (4) was synthesized from 1-(4-
vinyl)benzyloxybutanol (1) as depicted in Scheme 7.1. Compound 1 was first reacted with 2­
23chloro-2-oxo-1,3,2-dioxaphospholane (2) in THF at -25°C in the presence of triethylamine 
as a base. After filtration of the triethylamine.HCl salt, compound 3 was obtained as a 
colourless oil in quantitative yield.
Scheme 7.1 Synthesis of the phosphorylcholine derivate of styrene.
O
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Ring opening of 3 was performed using trimethylamine in acetonitrile at 60 °C. After cooling, 
compound 4 was isolated as a white powder in 35% yield. 4-Vinylbenzyl(tetraethylene glycol) 
(6) was synthesized from 4-vinylbenzylchloride (5) and tetraethylene glycol using sodium 
hydroxide as a base (Scheme 7.2). Compound 6 was subsequently methylated with methyl 
iodide in benzene in the presence of sodium hydride to give compound 7 as a yellow oil in 
52% yield.
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Scheme 7.2 Synthesis of the tetraethylene glycol derivatives of styrene.
Cl
NaOH, 120 °C 
HO(CH2CH2O)4h"
Mel, NaH 
Benzene, rT
H
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Polymerization and copolymerization of compounds 4, 6, 7, and styrene were performed in 
vacuo at 80 °C using a mixture of THF/methanol (3:1 v/v) as the solvent and a ,a ’- 
azobis(isobutyronitrile) (AIBN) as the initiator. The polymers (Chart 7.1) were purified by 
repetitive precipitation in hexane.
Chart 7.1 Synthesized polymers and copolymers.
8 R = H
9 R = Me
10 11, n=0.99, m=0.01
12, n=0.95, m=0.05
13, n=0.90, m=0.10
From NMR and IR spectroscopy it was evident that after polymerization olefine bonds were 
no longer present. All polymers were prepared in a yield of approximately 60 %. The 
molecular weights ranged between Mw= 6.000-51.000 (Table 7.1). The phosphorylcholine 
containing polymers (10 - 13) were found to have an interaction with the GPC column, as a 
result of which the molecular weights are probably underestimated.
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Polymer/ Mole fraction of 4 Mwa Db Tgc (°C) Contact angled 
Copolymer (0)
Table 7.1 Characterization o f the polymers and copolymers.
P 17000 1.4 100 n.d.f
8 26000 2.1 -49 9°
9 16000 2.0 -53 10°
10 0.05 16000 1.4 -56 4 O o
11 0.01 51000 2.8 -52 11°
12 0.05 32000 2.0 -64 11°
13 0.1 22000 1.9 fÖ f.Ö
a) Determined by GPC. b) D=Mw/Mn. c) Glass transition temperature. d) Average of 6 measurements. 
e) Polystyrene. f) Not determined.
DSC measurements revealed that all tetraethylene glycol-containing polymers had 
significantly lower glass transition temperatures (~-55 °C) than polystyrene (Tg ~ 100 °C) 
indicating a higher degree of chain flexibility in the case of the former polymers. The water 
wettability of the polymers and copolymers was determined using the sessile drop method. All 
polymers containing tetraethylene glycol side chains were found to be hydrophilic as was 
deduced from the low contact angle (~10°) of the materials. Polymer 10 which contained a 
low percentage of phosphorylcholine groups showed the highest contact angle, viz. 40°.
24Since the polymers were designed as biocompatible coatings for glucose sensors, it was 
essential that they were insoluble in water, leaving the coated surface protected after 
implantation. On the other hand, the polymers should be soluble in a medium, viz. ethanol, 
from which they can be applied without affecting the integrity of the biomedical device. 
However, in the case of an in vivo glucose sensor, this medium should not denaturate 
enzymes. The solubility of the polymers was examined, therefore, in both ethanol and water 
(Table 7.2). All the synthesized polymers and copolymers dissolved in ethanol, except for 
copolymer 10. Since copolymer 13 dissolved in water it was excluded from further in vitro 
experiments.
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Table 7.2 Solubility of the polymers and copolymers in water and ethanol.a 
Polymer/ Water Ethanol
Copolymer
8 No Yes
9 No Yes
10 No No
11 No Yes
12 No Yes
13 Yes Yes
a) Tested at a polymer concentration of 1 mg/ml.
The in vitro toxicity o f  the different polymers and copolymers was examined using a cell 
culture assay. The proliferation data of the human dermal fibroblasts on different polymer- 
coated Thermanox substrates is presented in Figure 7.1.
Time (days)
Figure 7.1 Proliferation of human dermal fibroblasts on control substrates and substrates coated with 
the polymers and copolymers.
All coatings appeared to support the growth of these cells. Although the different polymer 
coatings did not lead to differences in cell morphologies, they gave rise to distinct differences 
in cell proliferation rate. Statistical testing of the data, using a One-way Analysis of Variance 
(ANOVA) with a Tukey multiple comparison test, showed that the coatings could be
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classified into three sets with significant differences (P <0.05) in cell proliferation. The first 
set with comparable cell growth comprised polymer 10 and the control surface. The second 
set consists of polymers 8 and 9, both containing tetraethylene glycol groups as the side 
chains. From this it was concluded that the presence of a methylated tetraethylene glycol 
function as in polymer 9 had no effect on the cell growth when compared to polymer 8 , which 
does not have such a function. The lower cell proliferation rate, observed for polymers 8 and 9 
is an effect of the tetraethylene chains on the orientational and conformational state of the 
absorbed adhesion proteins. This can result in a low expression of cell-binding domains, 
which in turn affects the proliferation potential of cells.25-29 The third set consists of the 
phosphorylcholine group containing copolymers 11 and 12. Although the amount of 
phosphoryl groups present in these copolymers is low (<5%), these groups significantly lower 
the cell growth rate when compared to the other polymers. Apparently, the phosphoryl choline 
groups in copolymers 11 and 12 have an even more pronounced effect on the absorbed
proteins. It is our contention that the phosphoryl groups repel the adsorption of proteins even
22better than the polymers, which contain exclusively tetraethylene glycol chains. Scanning 
electron microscopy revealed that both the control surface and the polymer-coated substrates 
were covered with a dense layer of human dermal fibroblasts (Figure 7.2B).
Figure 7.2 Scanning electron micrograph showing a uniform layer of human dermal fibroblasts on a 
reference substrate (Thermanox coverslip) (A) and on a substrate spin coated with copolymer 11 (B) 
after eight days of incubation. Bar represents 100 jim (A) and 10 /m (B).
The cells had spread out and attached well to the surface, which is an indication that the 
surfaces were non-toxic. Examination of the morphology of the cells showed similar results 
for all polymer and copolymer-coated substrates. Figure 7.2B shows a typical example, viz. a 
substrate coated with copolymer 11 , which contains a layer of human dermal fibroblasts 
formed after eight days of incubation.
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7.3 Conclusions
Polymers and copolymers containing pendant phosphorylcholine and tetraethylene glycol side 
chains have been synthesized, which according to cell culture assays and cell morphology 
analyses showed to be non-toxic. Furthermore, the rate o f  cell proliferation showed to be 
dependent on the composition o f  the polymers and copolymers. The presence o f the 
tetraethylene glycol groups lowers the cell growth as compared to a control surface, probably 
by affecting the orientational and conformational state as well as the amount of adsorbed 
adhesion proteins. This can result in a low expression of cell-binding domains, which in turn 
affects the proliferation potential of cells. The additional introduction of a low percentage 
(<5%) of phoshorylcholine functions lowers the rate of cell proliferation even further. These 
experiments indicate that the biological response is very sensitive to subtle changes in the 
composition of the coating. Further evaluation is required to increase the protein repellent 
properties of the materials, which will lead to a stronger inhibition of the cell growth. This is 
an important step towards the development of a suitable protective coating for in-vivo sensors.
7.4 Experim ental
Materials and general methods
Diethyl ether, benzene, THF and tetraethylene glycol were purified by distillation from 
sodium under a nitrogen atmosphere. Dichloromethane and acetonitrile were distilled over 
CaH2. All other chemicals were commercially obtained and used without further purification.
2-Chloro-2-oxo-1,3,2-dioxaphospholane23 [b.p. 103.5-105.0 °C (1 mbar)] and 1-(4-
30vinyl)benzyloxy-4-butanol were prepared according to literature procedures. NMR spectra 
were recorded on a Bruker DPX-200 or a Bruker AC-300 spectrometer using
1 13tetramethylsilane as an internal standard for 1H NMR, CDCl3 for 13C NMR, and
31trimethylphosphate for P NMR. Mass spectra were obtained using a VG 7070E mass 
spectrometer. FT-IR spectra were recorded on a Biorad FTS-25 spectrometer. The differential 
scanning calorimetry (DSC) measurements were performed on a Perkin Elmer DSC-7 
instrument. Elemental analyses were carried out on a Carlo Erba Ea 1108 instrument. Size 
exclusion chromatography (SEC) measurements were performed on a Shimadzu LC-10AT 
instrument (flowrate = 1 ml/min), using a Polymerlabs SEC column (500Â, length 30 cm, 0
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7,6 mm, 5 i  particles) and a linear UV-Vis 205 detector. Cell morphologies were examined 
using a Philips SEM-500 scanning electron microscope at an accelerating voltage of 12 kV.
1-(4-Vinyl)benzyloxy-4(2-oxo-1,3,2-dioxaphospholane)butane (3)
A mixture of 3.0 g (14.6 mmol) 2-chloro-2-oxo-1,3,2-dioxaphospholane and 1.46 g (14.5 
mmol) of triethylamine was dissolved in 25 ml of THF and cooled to -25 °C. 1-(4-Vinyl)- 
benzyloxy-4-butanol (2.07 g, 14.5 mmol) was added dropwise over a period of 30 min. The 
mixture was stirred for 3 hrs at -25 °C and the precipitated triethylammonium chloride was 
removed by filtration. The solvent was evaporated and the crude product was purified by 
dissolution in diethyl ether and removal of the residual triethylammonium chloride by 
filtration. Concentration of the mixture in vacuo gave 4.52 g (100%) of 3 as a colourless oil. 
Due to its instability, the compound was used immediately in the next reaction. 1H-NMR 
(CDCls): 8 1.68-1.85 (m, 4H, OCH2CH2OP), 3.48 (t, J  = 6.1 Hz, 2H, CH2OCH2CH2), 4.19 (t, 
J  = 6.1 Hz, 2H, CH2CH2OP), 4.30-4.44 (m, 4H, OCH2CH2O), 4.50 (s, 2H, A rC ^O ), 5.23 (d, 
J  = 10.8 Hz, 1H, CH=CHHtrans), 5.73 (d, J  = 17.7 Hz, 1H, C H = C H sH), 6.70 (dd, J  = 17.7; 
10.8 Hz, 1H, CH=CHH), 7.26 and 7.40 (2 x d, J  = 6.7 Hz, 4H, Ph-H). 13C-NMR (C D O 3): 8 
25.6, 27.2, 65.9, 6 8 .8 , 69.5, 72.6, 113.7, 126.2, 127.9, 136.5, 137.0, 137.7. MS (EI): m/z 312 
(M+), 133 (CH2PhCH2O), 123 (O2P(OCH2CH2O)), 117 (CH2PhCH2), 91 (C7H7), 77 (C6H5).
1-(4-vinylbenzyl)oxy-4(phosphorylcholine)butane (4)
To 5.2 g (16.6 mmol) of 3 dissolved in 35 ml of acetonitrile in a pressure bottle was added 
9.44 g (160 mmol) of trimethylamine. The pressure bottle was closed and the mixture was 
heated at 60 °C for 18 hrs. After cooling of the reaction mixture a white precipitate was 
filtered off which was washed with diethyl ether to yield 2.2 g (35%) of 1-(4-vinyl)benzyloxy- 
4-(phosphorylcholine)butane as a white hygroscopic powder. 1H-NMR (CDCl3): 8 1.52-1.58 
(m, 4H, OCH2CH2OP), 3.13 (s, 9H, N(CHj)b), 3.40 (t, J  = 6.1 Hz, 2H, CH2OCH2CH2), 3.50 
(t, J  = 5.5 Hz, NCH2CH2P), 3.60-3.64 (m, 2H, CH2CH2CH2OP), 3.99-4.02 (m, 2H, 
POCH2CH2N), 4.43 (s, 2H, ArCH2O), 5.23 (d, J  = 10.8 Hz, 1H, CH=CHHtrans), 5.81 (d, J  = 
17.7 Hz, 1H, CH=CHcisH), 6.70 (dd, J  = 10.8; 17.7 Hz, 1H, CH=CHH), 7.27 and 7.45 (2 x d, 
J  = 6.7 Hz, 4H, Ph-H). 13C-NMR (CDCl3): 8 25.3, 26.8, 52.5, 57.5, 63.3, 64.9, 68.9, 70.9,
113.5, 125.5, 127.1, 135.7, 135.9, 138.0. MS (FAB, nitrobenzylalcohol): m/z 312 (M + H+). 
Anal. Calcd. for C18H30PO5N: C, 58.21; H, 8.14; N, 3.77. Found: C, 57.36; H, 8.81; N, 3.94.
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Due to the extreme hygroscopic nature of this compound, no reliable elemental analysis could 
be obtained.
4-Vinylbenzyl(tetraethylene glycol) (6)
To a suspension of 2.0 g (12 mmol) of 4-t-butylcatechol in 100 ml of tetraethylene glycol 
were added 16 g (0.4 mol) of sodium hydroxide. The mixture was heated to 120 °C and 10.6 g 
(70 mmol) of 4-vinylbenzyl chloride was added drop wise over a period of 15 min. After 
stirring for 90 min, the solution was cooled and poured into 200 ml of toluene. The organic 
layer was extracted twice with water and dried over MgSO4. The mixture was concentrated 
and the crude product was purified by column chromatography (SiO2, 2% MeOH in toluene 
(v/v)), yielding 11.7 g (54%) of 6 as a yellow oil. 1H-NMR (CDCl3): 8 2.57 (s, 1H, OH), 3.58­
3.70 (m, 16H, OCH2CH2O), 4.55 (s, 2H, AÆH2O), 5.23 (d, J  = 10.8 Hz, 1H, CH=CHHtrans), 
5.73 (d, J  = 17.7 Hz, 1H, C H = C H sH), 6.71 (dd, J  = 10.8; 17.7 Hz, 1H, CH=CHH), 7.32 and 
7.39 (2 x d, J  = 6.7 Hz, 4H, ArH). 13C-NMR (C D O 3): 8 61.5, 69.2, 70.1-72.7 (6x), 72.7,
113.6, 126.0, 127.8, 136.4, 136.8, 137.7. MS (EI): m/z 310 (M+); 177 ((CH2CH2O)4H); 133 
(CH2PhCH2O); 117 (CH2PhCH2); 91 (C7H7); 77 (C6H5). Anal. Calcd. for C17H26O5: C, 65.78;
H, 8.44. Found: C, 65.80; H, 8.35.
4-Vinylbenzyl(methyltetraethylene glycol) (7)
To a suspension of 4.6 g (115 mmol, 60% dispersion in mineral oil) of sodium hydride in 450 
ml of benzene was added slowly a solution of 5.0 g (16.1 mmol) of 6 in 50 ml of benzene. 
After 1 h, 16.1 g (113 mmol) of iodom ethane was added and the mixture was stirred for 3 
days at room temperature. Water (25 ml) was added carefully and the mixture was evaporated 
to dryness. The solid was dissolved in 250 ml of dichloromethane and extracted with an 
aqueous saturated NaHCO3 solution. The organic layer was dried with CaCl2 and the solvent 
was evaporated to give the crude product. After purification by column chromatography 
(silica, 2% methanol in dichloromethane), 2.7 g (52 %) of 7 was obtained as a yellow oil. 1H- 
NMR (C D O 3): 8 3.36 (s, 3H, OCH3), 3.52-3.69 (m, 16H, OCH2CH2O), 4.55 (s, 2H, 
PhCH2O), 5.23 (d, J  = 10.8 Hz, 1H, CH=CHHtrans), 5.74 (d, J  = 17.7 Hz, 1H, C H = C H sH), 
6.71 (dd, J  = 10.8; 17.7 Hz, 1H, CH=CHH), 7.32 and 7.45 (2 x d, J  = 6.7 Hz, 4H, ArH). 13C- 
NMR (CDCl3): 8 53.9, 61.5, 69.2, 70.1-72.7 (6x), 72.7, 113.6, 126.0, 127.8, 136.4, 136.8,
137.7. MS (EI): m/z 312 (M), 191 ((C ^ C ^ O ^ C H s), 133 (CH2PhCH2O), 123
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(O2P(OCH2CH2O)), 117 (CH2PhCH2), 91 (C7H7), 77 (C6H 5). Anal. Calcd for C18H28O5: C, 
66.64; H, 8.70. Found: C, 66.65; H, 8.53.
Polymerization reactions
Polymerization of the monomers was carried out in a Schlenck tube at a concentration of 1.0 
M using a mixture of THF and methanol (3:1 v/v) as the solvent and a ,a ’- 
azobis(isobutyronitrile) (AIBN) (10 mM) as the initiator. The solution was degassed using the 
freeze/thaw procedure. The Schlenck tube was sealed and shaken at 80 °C for 5 days. After 
cooling, the mixture was dissolved in a small amount of THF and the product precipitated by 
pouring the solution in dry hexane. The hexane was decanted and this procedure was repeated 
twice. The polymer was dried in vacuo.
Polymer 8
Starting from 6 (310 mg, 1 mmol), polymer 8 was obtained as a colourless wax in 58% yield 
(180 mg). 1H-NMR (CDCl3): 8 1.30 (b, 2H, CHCH2), 1.67 (b, 1H, CHCH2), 3.30 (b, 1H, OH),
3.56 and 3.66 (2x b, 16H, CH2O), 4.43 (b, 2H, A rCH ), 6.58 and 7.05 (b, 4H, ArH). 13C-NMR 
(CDCl3): 8 40.3, 61.6, 69.2, 70.6, 72.6, 73.0, 127.3, 134.1, 145.0.
Polymer 9
Starting from 7 (324 mg, 1 mmol), polymer 9 was obtained as a colourless wax in 61% yield 
(198 mg). 1H-NMR (CDCl3): 8 1.22 (b, 2H, CH2), 1.70 (b, 1H, CHCH2), 3.29 (b, 3H, OCH3),
3.56 and 3.66 (2x b, 16H, CH2O), 4.43 (b, 2H, A rCH ), 6.58 and 7.05 (b, 4H, ArH).
Copolymer 10
Starting from styrene (98.8 mg, 0.95 mmol) and 4 (18.5 mg, 0.05 mmol), copolymer 10 was 
obtained as a colourless wax in 65% yield (76 mg). 1H-NMR (CDCl3): 8 1.42 (b, 4H, CH2), 
1.89 (b, 1H, CHCH2), 3.24 (b, 9H, N(CHj)3), 3.65 (b, 16H, CH2O), 3.65 (b, 2H, NCH2), 3.86 
(b, 2H, POCH2), 4.31 (b, PhCH2), 6.58 and 7.05 (2x b, 4H, ArH). 13C-NMR (CDCl3): 8 40.3,
70.6, 125.6, 127.6, 127.9, 145.0.
Copolymer 11
Starting from 7 (320 mg, 0.99 mmol) and 4 (3.71 mg, 0.01 mmol), copolymer 11 was 
obtained as a colourless wax in 68% yield (220 mg). 1H-NMR (CDCl3): 8 1.25 (b, 4H, CH2),
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1.87 (b, 1H, CHCH2), 3.14 (b, 9H, N(CHj)3), 3.36 (b, 3H, CH3O), 3.56 and 3.65 (b, 2H, CH2 
and OCH2), 4.43 (b, PhCH2), 6.42 and 6.97 (b, 4H, Ph). 13C-NMR (CDCl3): 8 40.2, 59.0, 
63.9, 65.8, 70.6, 71.9, 73.1, 127.4, 130.4, 135.4, 144.7. 31P-NMR (CDCl3): 8 -3.43.
Copolymer 12
Starting from 7 (308 mg, 0.95 mmol) and 4 (18.6 mg, 0.05 mmol), copolymer 12 was 
obtained as a colourless wax in 64% yield (205 mg). 1H-NMR (CDCl3): 8 1.29 (b, 4H, CH2),
1.70 (b, 1H, CHCH2), 3.14 (b, 9H, N(CHj)3), 3.36 (b, 3H, CH3O), 3.55 and 3.65 (2x b, 2H, 
CH2 and OCH2), 4.42 (b, AÆH2), 6.42 and 6.97 (b, 4H, ArH). 13C-NMR (CDCl3): 8 40.0,
59.0, 61.7, 63.9, 65.3, 69.4, 70.5, 135.4, 144.7. 31P-NMR (CDCl3): 8 -3.00.
Copolymer 13
Starting from 7 (292 mg, 0.90 mmol) and 4 (37.1 mg, 0.10 mmol), copolymer 13 was 
obtained as a colourless wax in 62% yield (205 mg). 1H-NMR (CDCl3): 8 1.29 (b, 4H, CH2),
1.70 (b, 1H, CHCH2), 3.14 (b, 9H, N(CHj)3), 3.36 (b, 3H, CH3O), 3.55 and 3.65 (2x b, 2H, 
CH2 and OCH2), 4.42 (b, PhCH2), 6.42 and 6.96 (2x b, 4H, Ph). 13C-NMR (CDCl3): 8 40.0,
59.0, 61.7, 63.9, 65.3, 69.4, 70.5, 71.9, 73.0, 135.4, 144.7. 31P-NMR (CDCl3): 8 -3.06.
Substrate production
The polymers and copolymers (5 mg/ml) were dissolved in ethanol and spin-coated at 3000 
rpm on the surface of polyethylene terephthalate coverslips (Thermanox®, diameter 13 mm).
Contact angle measurements
The water wettability of polymer and copolymer coated polyethylene terephthalate coverslips 
was determined using the sessile drop method. A drop of milli-Q water (10 ^l) was placed on 
the test substrates. The drops were photographed immediately after positioning. The contact 
angle (0 ) was calculated from the height (h) and base (b) of the drop according to a literature
31procedure using the formula below.
0 = 2  arctan (2h/b)
In this way, the wettability of substrates with various polymers and copolymers was measured 
(n = 10).
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Cell proliferation experiments
Suspensions of Human dermal fibroblasts (1x104 cells/ml) were seeded on the polymer coated 
Thermanox® cover slips and the cells were incubated for 1, 3, 6 , and 8 days (37 °C, 5% 
CO2/air). The growth medium (MEM alpha medium supplemented with 10% heat inactivated 
fetal calf serum) was replaced every two days. At the end of the incubation period the 
substrates were rinsed in PBS. Subsequently, the cells were harvested by trypsin treatment 
(0.25 wt%/v) and counted using a Coulter counter. Non-coated Thermanox® cover slips were 
used as a reference surface. The assay was performed twice and each time in quadriplucate. 
Growth curves were plotted and compared.
Cell morphology experiments
Human dermal fibroblasts (1x104 cells/ml) were grown for 8 days on the polymer coated 
Thermanox® cover slips as described for the cell proliferation experiment. The cells were 
fixed with 2% glutaraldehyde in aqueous 0.1M sodium cacodylate buffered solution for 30 
min at 4 °C, rinsed twice in cacodylate buffered solution and dehydrated with a series o f 
aqueous ethanol. Subsequently, the samples were dried with tetramethylsilane, sputtered with 
gold and investigated with a Philips SEM-500 scanning electron microscope (SEM) at an 
accelerating voltage of 12 kV. The experiment was performed in triplicate.
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In vivo glucose measurements using a percutaneous 
device: influence of leukocytes
8.1 Introduction
Diabetes mellitus is a complex endocrine metabolic disorder that results from a partial or total 
lack of insulin production leading to loss of blood glucose control. This finally results in 
severe complications for the patient. Recent studies have revealed the need for a long-term 
applicable glucose sensor, which allows the control of glucose levels in patients suffering 
from diabetes mellitus.1 Subcutaneous implanted sensors developed so far appear to have a 
significant drift in sensor signal over the implantation period. This poor in vivo stability limits 
their effectiveness and, to date, it is still not clear whether their response can be used for long-
2 3 4term continuous glucose monitoring. ’ ’ M any deactivation mechanisms have been proposed 
to explain the poor sensor properties, e.g. biofouling (amongst others calcium phosphate 
mineralization),5 the deterious action of inflammatory cells, and the response of the tissue to 
the implanted sensor.6 More insight in these possible mechanisms is needed, however, to 
overcome the long-term failure of subcutaneous implanted glucose sensors.
To study the in vivo deactivation mechanisms of biosensors, a device is required in which the 
sensor can be easily investigated without causing irreversible damage to the biosensor or the 
animal. Ideally, this study should occur without influencing the environment surrounding the 
sensor and without inducing a trauma upon re-insertion. Such a device was designed by the
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7 8group of Jansen from the Department of Biomaterials of the University of Nijmegen. ’ It 
provides a permanent connection between the exterior and interior of the body (Figure 8.1). 
This so-called percutaneous device (PD) consists of a KEL-F body of poly(chlorotrifluoro- 
ethylene) which penetrates the skin of the animal with a volume of 0.5 ml. A titanium fibre 
sheet is used for the subcutaneous anchorage of the device. The bottom of the device is left 
open giving the sensing device direct access to the surrounding tissue.
Surrounding tissue
Figure 8.1 Schematic drawing of a percutaneous device.
As a carrier, this device may provide an elegant way of examining a glucose sensor in vivo, 
because it is exposed to tissue fluid and has direct contact with healthy subcutaneous tissue. A 
great advantage of this device is that an implanted glucose sensor can be withdrawn at any 
moment during a measurement for inspection and for analyzing the tissue fluid present in the 
chamber.
The aim of the study presented in this chapter is to investigate the factors influencing the 
glucose sensor behavior in vivo, which ultimately leads to a complete deactivation of this 
sensor.9 For this purpose a new sensor probe had to be designed, which was adjusted to the 
geometric constraints of the percutaneous device. Given the expected complexity of the 
problem it was decided to first prepare a simple first generation glucose sensor9 based on the 
immobilization of glucose oxidase in a non-conducting polymer and to focus on the influence 
of inflammatory cells and serum on the enzyme glucose oxidase and on the performance of 
the glucose sensor.10 In a later stage, depending on the results, this study will be extended to 
second and third generation glucose sensors (e.g. track-etch membrane sensors).
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8.2 Results and discussion 
8.2.1 Preparation and characterization of the in vivo probe
In the last three decades a large number of first generation glucose sensors based on the 
measurement of hydrogen peroxide has been described in the literature.11 The formation of 
hydrogen peroxide is a result of the catalytic reduction of oxygen molecules by glucose 
oxidase in the presence of glucose (Scheme 8.1). At a certain potential (usually between 0.6 
and 0.8 V vs. Ag/AgCl), the generated hydrogen peroxide is oxidized at the electrode and the 
measured current can be directly related to the amount of glucose present. The main 
advantage of this type of sensors is the ease of fabrication and the small dimensions.
Scheme 8.1 Mechanism of the operation of a first generation glucose sensor 
Glucose
Gluconolactone
It was decided to use a perm-selective polymer as the matrix to immobilize glucose oxidase
12(see also Chapter 2). This polymer was electrochemically synthesized from 1,3-
diaminobenzene and resorcinol on the platinum electrode of the sensor probe (Figure 8.2). 13
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Figure 8.2 Electropolymerization of 1,3-diaminobenzene (1.5 mM) and resorcinol (1.5 mM) on the 
surface of the platinum electrode of the in vivo probe in an aqueous phosphate buffered solution (pH 
6.5) containing glucose oxidase (5 mg/ml). Scan speed is 2 mV/s. Scans 1 to 10 are shown.
Before the electropolymerization of 1,3-diaminobenzene and resorcinol was initiated a delay 
time of 15 minutes was used in order to ensure an efficient adsorption of the enzyme on the 
platinum surface of the electrode.14 The first scan showed an irreversible oxidation wave for 
both monomers around 530 mV. During the following scans the current diminished to a 
background level, indicating that an insulating polymer layer had been formed on the 
electrode. This polymer layer prevented leaching of the enzyme from the electrode. After 
polymerization had been finished the polymerization solution was replaced by an aqueous 0.1 
M phosphate buffered saline (PBS, pH 7.4) solution and the sensor was poised at 700 mV vs. 
Ag/AgCl. After stabilization of the sensor, the chronoamperometric response for glucose was 
measured (Figure 8.3).15
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A
Time (sec)
Figure 8.3 Chronoamperometric response of the glucose sensor measured in an aqueous 0.1 M  
phosphate buffered saline solution (pH 7.4) at 700 mV vs. Ag/AgCl. (A) Addition of glucose (3 mM). 
(B) Addition of uric acid (0.05 mg/ml). (C) Addition of ascorbic acid (0.02 mg/ml). (D) Addition of 
acetamidophen (0.025 mg/ml).
The thus prepared sensor appeared to have an average response to glucose of 30 nA/mM with 
a response time of less then 50 seconds. In a next series of experiments the perm-selective 
characteristics of this sensor was examined. The response to interfering substances should be 
as low as possible for successful measurements in vivo; otherwise no reliable signal for 
glucose will be obtained. To test this, uric acid, ascorbic acid and acetamidophen in clinically 
relevant concentrations were subsequently added to the buffered solution.15 No response at all 
was measured for the first two compounds; only acetamidophen (0.025 mg/ml) gave rise to a 
small increase in signal (3 nA). From this data it was concluded that the 1,3- 
diaminobenzene/resorcinol-polymer was capable of successfully protecting the sensor against 
aselective responses. The sensor characteristics did not change over a period of at least two 
weeks. This type of sensor will be referred to as “uncoated” in this chapter. An extra 
protective layer of cellulose acetate/nafion was applied to a second series of glucose sensors, 
in order to investigate the effect of this additional layer on the sensor characteristics (this type 
of sensor will be referred to as “coated” in this chapter).16 Other investigators have already
17suggested that this coating could act as a protective layer with perm-selective properties.
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The average glucose sensitivity of this coated sensor was 8.7 nA/mM and no increase in 
signal was observed upon the addition of uric acid, ascorbic acid or acteamidophen. Next, the 
responses were measured of both uncoated and coated probes in fetal bovine serum: these 
were 14.7 and 1.0 nA/mM respectively. All sensors (n=12) showed to be stable in this 
medium.
18To investigate the influence of oxygen fluctuations on the glucose response, a coated sensor 
was placed in an air-saturated PBS solution (pH 7.4) together with a Clark-type oxygen 
sensor.19 Glucose was added to a final concentration of 5 mM and the response of the glucose 
sensor was recorded as a function of the oxygen concentration, which was lowered gradually 
by purging nitrogen through the solution (Figure 8.4). This measurement revealed that the 
sensor output was not influenced if the oxygen tension was larger than 25 mm Hg. Keeping 
the open geometry of the percutaneous device in mind, this leads one to conclude that oxygen 
will not influence the in vivo experiments (vide infra).
Hg pressure (mm)
Figure 8.4 Response of the in vivo probe to 5 mM of glucose in an aqueous 0.1 M phosphate buffered 
solution (pH 7.4) as a function of the oxygen tension. Measured at 700 mV vs. Ag/AgCl. Oxygen was 
measured using a Clark type oxygen sensor.
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8.2.2 In vivo sensor evaluation
Percutaneous devices were implanted in 15 rabbits9 and after the wound healing had been 
completed, the response of both uncoated and cellulose acetate/nafion-coated probes was 
evaluated in vivo. In order to achieve optimal evaluation of the glucose sensor behaviour
inside the percutaneous device, an increase in blood glucose concentration was chemically
20induced, which was followed by an increase in sampled tissue fluid glucose as measured 
externally with a portable glucose analyzer. A concentration of 3.6 ± 3.0 mM of glucose was 
measured before insertion of the sensor and 7.2 ± 4.2 mM immediately after withdrawal. In 
the case of the uncoated sensors only 2 out of 15 experiments showed a positive response with 
lag-times of 5 and 8 minutes between increase in blood glucose levels and the initial response 
of the sensor. The in vivo sensitivities for glucose in these two cases were 0.4 and 0.25 
nA/mM respectively. The sensor output gradually decreased to background currents in the 
other cases. For the coated sensors, the increase in induced blood glucose levels resulted in an 
increase of tissue fluid glucose from 0.9 ± 0.5 mM before to 3.8 ± 2.5 mM after insertion in 
the percutaneous device as measured externally with a portable glucose analyzer. This time, 
five positive responses of inserted sensors were recorded with lag-times ranging from 5 to 50 
minutes. The in vivo sensitivities ranged from 0.1 to 9 nA/mM.
These results show that the glucose sensors inside the percutaneous device cannot reliably 
monitor changes in glucose concentration. Both the uncoated and coated first generation 
glucose sensors give only a limited number of responses during the in vivo measurements. 
Still, there is a difference between the two types of sensor probes. In contrast to the uncoated 
sensors, the output of coated ones did not decrease to background currents upon implantation. 
This difference in in vivo behaviour may be caused by the use of the cellulose acetate/nafion
membranes. To obtain more insight in possible sources of instability, all sensors were
21subjected to a post in vivo investigation.
8.2.3 Post in vivo evaluation
The in vitro sensitivities for glucose of the uncoated and coated sensors before and after 
insertion in the percutaneous device measured in aqueous PBS solution, fetal bovine serum, 
and sampled subcutaneous tissue fluid are summarized in Table 8.1.
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Table 8.1 In vitro sensitivity for glucose of uncoated and coated sensors.
Type of sensor PBS solution: PBS solution:3 Subcutaneous 
Pre-implantation Post-implantation Bovine calf serum tissue fluidb
(nA/mM) (nA/mM) (nA/mM) (nA/mM)
Uncoated 29.8 ± 13.8c 10.8 ± 6.3d 14.7 ± 5.6e 4.7 ± 1.7f
Coated 8.7 ± 8.2g 3.1 ± 2.5h 1.0 ± 0.67i 0.50 ± 0.49f
a) In vitro sensitivity measured directly after a 3 h period of implantation in the percutaneous device.
b) The tissue fluid was collected from the percutaneous device. The response was measured in vitro as 
a function of added glucose. c) n=21. d) n=13. e) n=4. f) n= 3. g) n=19. h) n=20. i) n=8.
All the sensors appeared to have a significantly lower in vitro sensitivity when measured 
directly after withdrawal from the percutaneous device. However, sensitivities returned to pre­
implantation values in buffered glucose solutions within 24 hours, similar to reports by
22others. This points to a reversible deactivation of the sensor, which probably is caused by 
protein and cell adsorption. Other possible mechanisms are inhibition of peroxide oxidation at 
the electrode, or oxygen limitation. Inhibition of peroxide oxidation through electrode 
poisoning, however, can be excluded because this process was prevented by the application of 
the perm-selective layer. Oxygen limitation of the enzyme reaction is not very likely since in 
vitro experiments proved that the sensor output was only affected by very low oxygen 
tensions (see 8.2.1). Also, the geometry of the percutaneous access allows adequate diffusion 
of oxygen into the subcutaneous chamber.
The experiments described above suggest that reversible adsorption of protein molecules on 
the surface of the sensor lowers the glucose diffusion to the electrode, thereby influencing the 
sensor output. However, a sufficient sensitivity in fetal bovine serum and sampled tissue fluid 
was still measured, indicating that protein deposition is not the only deactivating mechanism 
involved. Despite their poor in vivo behaviour, it is remarkable to see that all sensors were 
able to measure changes in glucose concentration in tissue fluid collected from the
23subcutaneous chamber (Table 8.1). In other studies it has been reported that biomaterials 
placed in so-called tissue cages evoke inflammatory cellular reactions. It can be assumed, 
therefore, that the introduction of the glucose sensor in the subcutaneous chamber triggers a
24cellular reaction, which negatively influences the in vivo performance of the sensor. 
Histological evaluation supported this explanation: inside the subcutaneous chamber of all the 
explanted percutaneous devices inflammatory cells were found to be present.9
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The presence of a foreign body in the chamber of the percutaneous device will activate 
leukocytes, which will further increase the adherence of cells, eventually resulting in secretion
25of highly reactive oxygen radicals and proteolytic enzymes. Damage induced by the former 
radicals can be excluded in the present experiments, since this would lead to irreversible 
deactivation of the sensors. It is certain that protein adsorption will influence the sensor output 
during the in vivo experiments, but to what extent is unclear. A remarkable finding is that the 
final glucose concentration in tissue fluid as measured by an external glucose analyzer is 
significantly lower in the case of the coated sensors than in the case of the uncoated ones (3.8 
vs. 7.2 mM). It has been suggested that an inflammatory tissue reaction (viz. inflammatory 
cells) close at the measuring compartment may alter the glucose diffusion across the capsule 
surrounding the implant,26 resulting in a lower glucose concentration. It is known from other 
studies that hollow implants promote the influx and persistence of leukocytes in the interior of
27the implant. It has been suggested, therefore, that inflammatory cells can affect the sensor
28output by consumption of glucose around the implanted sensor and that attachment of cells
29to the sensor surface can influence the glucose diffusion or damage sensor components 
because proteolytic enzymes and free radicals are excreted.
Since the measurements were performed in a consecutive manner over a period of 3 months, it 
is reasonable to suggest that the repetitive insertion of the sensor probes will have led to an 
increase of inflammatory cells in the subcutaneous chamber. Further, the diffusional 
properties of the fibrous capsule surrounding the subcutaneous chamber may have changed 
during the implantation period resulting in lower tissue fluid glucose concentrations during
30the measurements with the coated probes.
In summary, the glucose sensors probes placed in the percutaneous device do not reliably 
monitor changes in subcutaneous glucose concentrations probably because several 
mechanisms are operative which destroy the sensor performance. It is known that adsorption
3 31of proteins from the tissue fluid to the sensor surface hampers glucose diffusion, ’ but to 
what extent is not clear. Histological evaluation revealed that the number of leukocytes in the 
subcutaneous chamber was high.9 However, it was also observed that the sensor current 
stabilized in tissue fluid that was first collected from the subcutaneous chamber. From this, it 
can be hypothesized that, in addition to protein adsorption, an ongoing cellular reaction to the 
implanted sensor plays an important role in the process of sensor inactivation. The effect of
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this cellular reaction, i.e. inflammatory cells on the glucose sensor, is further investigated in 
the next section.
8.2.4 Influence of polymorphonuclear granulocytes on the glucose sensors
Polymorphonuclear granulocyte (PMN or leukocytes) is the predominant cell-type that is 
generated in the first stages of the inflammatory phase of tissue responding to an
32implantation. This type of cells was therefore used in the following in vitro study aimed at 
mimicking the conditions present in the percutaneous device. A new set of sensors was 
prepared, consisting of uncoated probes with an average sensitivity for glucose of 24.3 ± 5.2
33nA/mM and coated probes with a glucose sensitivity of 1.1 ± 0.4 nA/mM. Both types of 
sensors were subsequently examined in PMN containing solutions, rabbit serum, and in rabbit 
serum containing PMNs (Figures 8.5 and 8.6). The sensitivity and drift34 in signal after 1 hour 
of exposure were measured as well as the response in Hanks balanced salt solution (HBSS, 
buffered solution), directly after 3 hours standing in the media mentioned above.
The response of the uncoated sensors in the presence of PMNs was lowered to 71.0 % of the 
value measured in HBSS buffered solutions. In serum this response was even lower (45.7%), 
whilst the glucose response in serum with leukocytes (32.2%) was lower compared to serum
35alone (Figure 8.5).
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Figure 8.5 Characteristic properties of uncoated sensors in HBSS buffer containing PMNs, rabbit 
serum and rabbit serum with PMNs. The glucose response is given relative to measurements 
performed in HBSS buffer and the drift in response is presented as a decrease of the initial response 
after one hour of exposure (n=5). The remaining response was determined in HBSS buffer directly 
after the experiment.
The measured current of the uncoated sensors did not stabilize in the presence of PMNs, 
serum, or serum with PMN during the three hours of exposure. A drift in output of 23.1 % 
was observed in the presence of leukocytes. In serum the drift was 36.9 %, whilst in serum 
containing PMN an additional effect on the drift of the sensor was noticed (47.6%). Statistical 
analysis revealed that there was a significant difference in current drift in the case of 
experiments in which both serum and leukocytes were present compared to experiments in
serum or PMN alone.36
0
For the coated sensors, higher responses were observed than for the uncoated ones. In the 
presence of PMN the response to glucose was 83.9 % compared to measurements in HBSS
37buffer, in serum this value was 70.9 %, and in serum with leukocytes 67.4 % (Figure 8.6).
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Figure 8.6 Characteristic properties of coated sensors in HBSS buffer containing PMNs, rabbit serum 
and rabbit serum with PMNs. The glucose response is given relative to measurements performed in 
HBSS buffer and the drift in response is presented as a decrease of the initial response after one hour 
of exposure (n=5). The remaining response was determined in HBSS buffer directly after the 
experiment.
The output signal of the coated probes was rather stable in the presence of leukocytes or 
serum. However, when these components were both present the stability was lower: after 3 
hours a small drift (7.4%) was observed in a buffered solution containing PMNs; in serum the 
drift in output was 12.9 %, whereas in the presence of both leukocytes and serum again an 
additional effect was observed (24.0 %).
In all experiments, both with uncoated and coated sensors, sensitivity was regained in HBSS 
buffer after exposure. No significant differences in restored sensitivity were observed after 
exposure to leukocytes, serum, or serum with leukocytes for both uncoated and coated
38sensors. Measurements performed in vivo did not show this restored response after 
withdrawal from the percutaneous device (compare these data with the data in Table 8.1), 
probably because the sensors were subjected to a sustained attack of leukocytes and thus were 
continuously exposed to their excreted products after subcutaneous implantation. The same is 
probably true for the process of biofouling, i.e. the adsorption of serum proteins. In vitro, 
serum causes an initial rapid drop in sensor activity that tapers off and approaches a steady
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state situation after several hours.6 In an in vivo environment the kinetics and impact of this 
biofouling process on the sensor behaviour are likely to be more complex.
Finally, the attachment of cells to our sensors was examined with the help of scanning 
electron microscopy. Evaluation of the surface of uncoated sensors after exposure to the
39granulocytes showed clusters of cells attached to the Araldite resin (Figure 8.7). No cells 
were observed on the working- or reference electrode. On the surface of the coated sensors no 
leukocytes could be detected at all. This suggests that the superior performance of these 
glucose sensors is at least partially due to the protective cellulose/nafion layer.
Figure 8.7 Scanning electron micrograph of an uncoated sensor after exposure to stimulated 
granulocytes. Clusters of granulocytes are visible on the epoxy resin between the electrodes. No cells 
are observed on the electrodes. Bar represents 10 jlm.
8.2.5 Influence of polymorphonuclear granulocytes on the glucose oxidase enzyme
To investigate whether the presence of leukocytes or serum would influence the activity of 
glucose oxidase itself, this enzyme was dissolved in HBSS buffered solutions with and 
without granulocyte excretion products (PMN), and in rabbit serum (Figure 8.8). The enzyme 
activity turned out to be significantly lower in the presence of the granulocyte excretion 
products. Removal of large proteins by ultrafiltration (< 1 kDa) completely reversed this 
decrease in enzyme activity. In rabbit serum, also a significant decrease was observed. This 
time, ultrafiltation (< 1 kDa) did not have a positive effect on the glucose oxidase activity.
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Figure 8.8 Activity of glucose oxidase measured in different media.
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In order to investigate if the influence of the leukocytes was due to hydrogen peroxide 
consumption, which would give rise to a lower observed enzyme activity for glucose oxidase, 
different PMN containing solutions containing a known amount of hydrogen peroxide were 
followed as a function of time. At different time intervals samples were taken and the 
concentration of hydrogen peroxide was determined spectrophotometrically via the enzymatic 
oxidation of 2,2’-azino-bis(3-ethylbenzothialozine-6-sulfonic acid) diammonium salt (ABTS) 
by Horse radish peroxidase using hydrogen peroxide as the co-substrate (Figure 8.9). PMN 
excretion products were shown to consume hydrogen peroxide, as is illustrated by the sharp 
decline in the absorbance, see Figure 8.9, curve B. Again, ultrafiltration (molecular weight < 1 
kDa) completely inhibited this deactivation process. In another experiment sodium azide was 
added, since this compound is known to be an effective inhibitor of heme containing enzymes, 
like catalase and myeloperoxidase, which are excreted by granulocytes.40 Addition of sodium 
azide also prevented the PMNs excretion products to consume hydrogen peroxide.
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Figure 8.9 Chrono-UV measurement detection (420 nm) of reduced ABTS as a function of time in 
different media. Aliquots were taken from a HBSS buffered solution containing: (A) hydrogen peroxide 
(1 /jM), (B) granulocyte excretion products and 1 /jM  of hydrogen peroxide, (C) ultrafiltrated 
granulocyte excretion products (< 1 kDa) and 1 jM  of hydrogen peroxide, (D) granulocyte excretion 
products, azide and 1 jM  of hydrogen peroxide.
These results demonstrate that granulocytes have a negative influence on the sensor 
performance. The glucose oxidase activity assays show that these cells excrete substances, 
which cause a significant decrease in the observed glucose oxidase activity, predominantly 
through the competitive consumption of hydrogen peroxide. The irreversible degradation of 
glucose oxidase by proteases or free radicals seems unlikely, since this enzyme is known to be 
resistant to proteolysis.41 Ultrafiltration of the excretion products revealed that these 
substances have a molecular weight over 1 kDa. Furthermore, the addition of sodium azide 
almost completely prevents this inhibitory effect. A SDS-PAGE experiment on the excreted 
products of PMNs showed the presence of two distinct bands of approximately 49 and 62 
kDa, which corresponded with the molecular weights of myeloperoxidase and catalase,
42respectively. These findings support the previously mentioned suggestion of reversible 
inhibition of peroxide oxidation as the source of the sensor instability. The application of a 
simple cellulose acetate/nafion coating can for the greater part prevent this negative effect, 
illustrating that a future optimized outer membrane may minimize the negative influence of 
leukocytes on the sensor performance.
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Evidently, protein adsorption plays an important role in the observed decrease in sensitivity of 
our sensors in serum. The application of a cellulose acetate/Nafion coating results in a 
significantly smaller decrease in glucose response and a smaller drift in the sensor output as 
shown above (compare Figures 8.5 and 8.6). This result can be explained by the physico­
chemical nature of the process of protein adsorption. Immediately upon contact with serum, 
the surface of the sensor will become coated with a layer of small proteins, followed by a 
competitive exchange of different proteins until equilibrium is reached (Vroman effect).43 The 
final thickness and composition of such a protein layer determines to which extent glucose 
diffusion to the sensor is inhibited. Since this process is dependent on the characteristics of the 
sensor surface, it is clear that a cellulose acetate/nafion coating will improve the sensor 
response. Further, partial desorption of protein molecules from the sensor surface may explain 
the incomplete return of response of our sensors, when these are placed in buffered solutions 
after exposure to serum.
On the other hand, our experiments show that the decrease in activity of the enzyme in serum 
is completely caused by low-molecular weight molecules (Figure 8.8). This suggests that 
protein adsorption is not the only deactivation mechanism that leads to the drift of the sensor 
response in serum. Sensor inactivation through enzyme inhibition has been demonstrated 
before,44 but the precise mechanisms have not yet been elucidated. Inhibition of peroxide 
oxidation through electrode fouling can probably be excluded in our experiment because the 
sensor deactivation can be prevented by the application of a perm-selective polymer, as shown 
above. Inhibition of glucose oxidase activity by unknown serum components, therefore, 
remains a possibility. Several inhibitors have been identified, but to what extent these actually 
inhibit enzyme activity in rabbit serum is unclear.41 Another explanation may be given for the 
decrease in response and drift of the sensors in serum. It has been reported that, in addition to 
molecular oxygen, glucose oxidase can be oxidized by a variety of other electron acceptors.41 
If serum contains unknown oxidizing components that compete with molecular oxygen for the 
acceptance of the electrons from the oxidized enzyme, a reduction in sensor current will occur 
through decreased formation of hydrogen peroxide. In serum large quantities of powerful 
oxidants like e.g. quinines are present.45 In other organisms that contain glucose oxidase, 
these quinones are the natural substrate for the enzyme. In these cases the enzyme displays the 
same pH-optimum as when oxygen is the substrate. In view of this, it is not unlikely that other 
electron acceptors present in rabbit serum can oxidize glucose oxidase leading to the observed 
phenomenon. A Cyclic voltammogram of a serum ultrafiltrate (< 1kDa) confirmed the
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presence of an unknown species with a reduction potential in the range of -300 to -400 mV vs. 
SCE (Figure 8.10).
U (V) vs. Ag/AgCl
Figure 8.10 Cyclic voltammogram of rabbit serum after ultrafiltration (< 1kD) of the latter solution. A 
platinum-working electrode was used. Scan speed was 5 mV/s.
Further research is needed to resolve the possible structure of this oxidizing species in serum.
8.3 Conclusions
As is demonstrated in this chapter, first generation glucose sensors cannot reliably monitor 
changes in in vivo glucose concentrations in a percutaneous device. It is proposed that an 
induced cellular reaction to the sensor plays an important role in the in vivo failure of the 
sensor. Together with the adsorption of tissue fluid proteins on the sensor surface, this results 
in a reversible deactivation of implanted device. The exact mechanisms involved in this 
process are currently not resolved,.Both serum and polymorphonuclear granulocytes appear to 
have a negative effect on the performance of the amperometric glucose sensors. Stimulated 
granulocytes excrete components, probably catalase and myeloperoxidase, which may 
consume the hydrogen peroxide that is formed by the oxidation of glucose. It is likely that 
adsorbed proteins from the serum create a diffusional barrier for glucose. Furthermore, it is 
possible that low-molecular weight components in serum inhibit the activity of glucose
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oxidase. Preliminary electrochemical results indicate that such oxidizing substrates in serum, 
which compete with molecular oxygen for the acceptance of electrons from the reduced active 
site of glucose oxidase may be present.
Altogether these results suggest that for a successful in vivo measurement a sensor is required, 
in which the electron transfer process between the reduced glucose oxidase and the electrode 
surface is very efficient and direct; such a sensor may be a third generation track-etch 
membrane sensor as described in the previous chapters. Further investigations are required to 
substantiate this.
8.4 Experimental
Preparation o f the glucose sensor
A platinum wire (diameter 1 mm) and a silver wire (diameter 0.5 mm) were placed in a 
stainless steel tube (o.d. 3.175 mm) and sealed with an epoxy resin (Araldite). This probe was 
polished with lapping film (3M, grain size 9, 6, 3, 1 and 0.3 ^m) and subsequently sonicated 
in water for 1 min. After rinsing with acetone and ethanol, a Ag/AgCl paint (Acheson 
Colloiden B.V. Scheemda, the Netherlands) was applied to the silver wire and the probe was 
dried at 333 K for at least 1 h. The probe was subsequently poised at 1.1 V vs. Ag/AgCl for
15 min in an aqueous 0.1M HCl solution. Thereafter, it was placed in an aqueous 0.1 M 
phosphate buffered solution (pH 7.4) containing 1,3-diaminobenzene (15 mM), resorcinol (15 
mM), and glucose oxidase (4mg/ml). After 15 min, a series of ten scans from 0 to 0.8 V vs. 
Ag/AgCl at a rate of 2mV/sec was applied to generate a polymer matrix immobilizing the 
enzyme. For the latter an Autolab PGSTAT-10 instrument (Eco Chemie, the Netherlands) was 
used.
Coating o f the glucose sensor
The probe was dip-coated in a solution of 2.5 wt% of cellulose acetate in acetone/nafion (1:1 
v/v) and stored for 10 min at 5°C. After a second dipping in a 5% solution of nafion and 
drying for 10 min the probe was stored in an aqueous PBS solution at 278 K. It was kept in 
this solution when not in use.
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In vitro sensor evaluation
The in vitro response to glucose of both uncoated and coated sensors was determined in an 
aqueous PBS solution (0.1 M, pH 7.4, room temperature) at 700 mV vs. Ag/AgCl. The 
measurements were carried out before implantation and immediately after use in the 
percutaneous device. Responses to glucose (5 mM) were also determined in fetal bovine 
serum (Gibco) and in subcutaneous tissue fluid collected from the percutaneous device. The 
influence of oxygen tension on the performance of the cellulose acetate/nafion coated sensor 
was evaluated in vitro with a Clark-type oxygen sensor. The sensor was placed in an air- 
saturated aqueous phosphate buffered solution, which had a glucose concentration of 5 mM. 
After application of 700 mV vs. Ag/AgCl, the sensor current was determined. Argon was 
bubbled through the solution until a zero oxygen concentration had been reached. 
Subsequently, air was bubbled through until saturation of the solution. In both situations, 
simultaneous recording of the sensor current and the oxygen tension was performed.
In vivo sensor evaluation
The in vivo responses of both the uncoated and coated probes were determined in duplicate in 
rabbits containing a percutaneous device. These measurements were performed one to three 
months and four to five months after implantation of this device, respectively. Before 
positioning the uncoated probes were sterilized in 70% ethanol for 45 min. Cellulose 
acetate/nafion coated probes were placed in sterile saline for 45 min before use in vivo. 
During the experiments the animals were sedated by intramuscular injection of 0.8 ml 
Hypnorm. After removal of the stainless steel screw of the percutaneous device, subcutaneous 
tissue fluid was sampled for glucose measurements. Basal blood glucose concentrations were 
also determined. Subsequently, the sensors were placed in the subcutaneous chamber at the 
diffusional interface of the subcutaneous tissue and the tissue fluid. To achieve this, the sensor 
probes were carefully lowered into the chamber until resistance was felt. Because of a precise 
fit in the percutaneous access, fixation of the sensor during the measurements was warranted. 
After a stabilization period of 20 min, blood glucose levels were elevated by subcutaneous 
injection of 6 |ig octreotide and intramuscular injection of 0.15 mg glucagon. Sensor currents 
were monitored up to ninety minutes after injection. At regular intervals, blood samples were 
drawn to determine the blood glucose concentrations. The in vivo lag-time is the time 
following injection of glucagon and octreotide after which an increase in sensor current is 
observed. After removal of the probes, subcutaneous tissue fluid was sampled for glucose 
measurements.
149
Chapter 8
Solutions
Percoll with a density of 1.076 was prepared by adding 41.8 ml of a 0.1 M aqueous PBS 
solution (90 g/l NaCl, 13.9 g/l NaH2PO4 in milli-Q water), 220 ml of PBS (1 M), and 97.5 ml 
of pasteurized plasma solution containing 0.38% tri-sodium citrate to 500 ml of Percoll with a 
density of 1.130. Hanks buffered salt solution (HBSS) was prepared by dissolving 0.185 g/l 
CaCl2.2H2O, 0.40 g/l KCl, 0.06 g/l KH2PO4, 0.10 g/l M g C h ^ O ,  0.10 g/l MgSO4.7H2O, 
8.00 g/l NaCl, 0.35 g/l N H C O 3, and 0.06 g/l N H P O 4.2H2O in Milli-Q water with a pH of 
7.4. Lysation buffer was made by dissolving 8.30 g/l NH4Cl and 1.0 g/l KHCO3 in Milli-Q 
water with a pH of 7.4. Glucose stock solutions were prepared containing a concentration of 1 
M glucose in Milli-Q water. Serum was obtained from healthy New Zeeland white rabbits. 
For this purpose, whole blood was collected in a glass tube by venipuncture from an aural 
vein. After 30 min of coagulation, the samples were centrifuged at 3500 rpm for 10 min, 
serum was collected and stored at -20 °C. Glucose analysis in serum was performed by an 
APEC glucose analyzer (Stam Instruments B.V., The Netherlands).
Isolation o f polymorphonuclear granulocytes
Heparinized whole blood (20 ml) was collected from healthy New Zeeland white rabbits and 
mixed with 10 ml of Hanks Buffered Salt Solution (HBSS, pH 7.4). Subsequently, the mixture 
was carefully pipetted onto 12.5 ml of Percoll (density= 1.076) in a polypropylene tube and 
centrifuged at 2000 rpm for 20 min at room temperature (Minifuge GL, type 4400, Heraeus- 
Christ, Ostenrode, Germany). Plasma and the layer containing mostly lymfocytes, monocytes, 
and platelets were aspirated to within 1.0 cm of the top of the red blood cell pellet and 
discarded. Contaminating red blood cells were lysed by resuspending the pellet in 50 ml 
lysation buffer on ice. After centrifugation at 1500 rpm for 5 min, the remaining red blood 
cells were lysed in 50 ml lysation buffer at 4 °C. The final pellet was washed and resuspended 
in 10 ml of HBSS. Cell viability was determined by trypan blue dye exclusion. With flow 
cytometry, leukocytes were counted and differentiated. Finally, the concentrated cell solution 
was diluted with HBSS or rabbit serum to give a final white blood cell concentration of 1 x 
106 cells/ml. Cell viability was always greater than 99% and in all cases the PMN fraction 
contributed to over 90% of the total number of leukocytes with an average of 95 ± 1%.
Preparation o f serum-opsonized Zymosan and stimulation o f PMNs
Zymosan, 250 mg (Sigma) was suspended in 30 ml of aqueous PBS solution and sonicated at 
48 kHz for 1 h. After centrifugation (5 min. 400 G), the pellet was resuspended in 6 ml of
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rabbit serum and incubated for 45 min at 37 °C under continuous shaking. The serum- 
opsonized Zymosan was then washed 3 times and resuspended in PBS solution at 10 mg/ml 
and stored at -70 °C. Polymorphonuclear granulocytes were stimulated in solution with 
serum-opsonized Zymosan at a final concentration of 1 mg/ml. The glucose concentration of 
the Zymosan suspension was adjusted by addition of the appropriate amount of glucose stock 
solution (1 M).
Sterilization
Hanks balanced salt solution and the glucose stock solution were sterilized using a filter with 
a pore-size of 0.2 ^m (Millipore). Glass tubes were sterilized by autoclavation. Uncoated 
sensors were sterilized in 70% ethanol for 60 min. Cellulose acetate/nafion-coated sensors 
were placed for 60 min in sterile 0.9 wt% saline buffer solutions before usage.
In vitro sensor functioning in serum and in PMN solutions
The response to glucose of both uncoated and coated sensors was determined in HBSS, HBSS 
containing PMNs, rabbit serum, and rabbit serum containing PMNs. Experiments were 
performed in five-fold at room temperature. A potential of 700 mV vs. Ag/AgCl was applied. 
Before each experiment, the sensitivity to glucose was determined in HBSS. After 
stabilization of the background current, glucose was added stepwise to a concentration of 10 
mM and the response to glucose was determined. Subsequently, the sensor was placed in 
HBSS to allow the current to return to basal values. The sensor was then placed in HBSS with 
PMNs (10 mM glucose), rabbit serum, or rabbit serum with PMNs. Granulocytes were 
activated with opsonized Zymosan just before placement of the sensor in the test solution. The 
sensor current was monitored for 3 hrs. The response to glucose in the test solution was 
determined at maximum sensor current and compared with the response in HBSS. Sensor drift 
was calculated as the percentage of current decrease in the first hour of exposure to the PMNs 
and/or serum. After the experiment, the sensor was placed in HBSS with 10 mM glucose. 
After 1 hr, the response to glucose was determined and compared with the response in HBSS 
before exposure to PMNs and/or serum.
Glucose oxidase activity
The influence of PMN excretion products and rabbit serum on glucose oxidase (GOx) activity 
was determined spectrophotometrically by following the oxidation of 2,2’-azino-bis(3- 
ethylbenzothialozine-6-sulfonic acid) diammonium salt (ABTS). Release of excretion
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products was initiated by the addition of serum-opsonized Zymosan (1 mg/ml) to the PMN 
suspension in glass tubes (1 x 106 cells/ml in HBSS with 5 mM glucose). After incubation at
37 °C for 60 min under continuous shaking, the reaction was stopped by placing the samples 
on ice. Subsequently, the suspension was centrifuged for 5 min at 400 G, followed by 
collection of the supernatant containing the excretion products.
The glucose concentration of the test solutions was adjusted to 50 mM to exclude substrate 
limitation. In addition, air was bubbled through the solutions to prevent oxygen limitation of 
the enzyme reaction. The reaction was initiated by adding 5 |il glucose oxidase (0.5 mg/ml) to
1 ml of the test solution. At 0, 5, 10, 15, 20, and 30 min after initiation, 5 |il of these mixtures 
were added to 1 ml of the reaction mixture containing ABTS and horseradish peroxidase. 
After 30 min incubation in the dark, the absorbance was determined at a wavelength of 420 
nm using a UV-spectrophotometer. To investigate hydrogen peroxide consumption by the 
granulocyte excretion products, the absorbance at a constant hydrogen peroxide concentration 
of 1 |iM in the absence of glucose oxidase was followed as function of time. The same 
procedure as described above was followed.
Surface analysis
PMN adherence to the surface of uncoated and coated sensors was investigated using 
scanning electron microscopy. The sensors were placed in HBSS with PMNs. The 
granulocytes were activated with serum-opsonized Zymosan. After 1 h, the cells attached to 
the substrate were fixed with 2% v/v glutaraldehyde in 0.1 M sodium cacodylate buffered 
solution (fixation time 5 min) at 4 °C and rinsed twice in cacodylate buffered solution. In the 
case of the uncoated sensors this procedure was followed by a drying process in which the 
sensors were brought into contact with a graded series of aqueous ethanol solutions containing 
70 to 100 % ethanol. Subsequently, the samples were dried with the help of tetramethylsilane. 
In case of the cellulose acetate/nafion coated sensors, dehydration was achieved by using 
tetramethylsilane only. Finally, after sputter-coating with gold, the probes were examined 
using a Philips SEM-500 scanning electron microscope at an accelerating voltage of 12 kV.
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Summary
This thesis describes a multidisciplinary study towards the development of a glucose 
biosensor that in the future can be used for in vivo implantations. The research focuses on 
three major topics, viz. the construction of the glucose sensor, the development of a 
biocompatible coating and a study of the factors influencing the in vivo behaviour of 
implanted biosensors.
The first part of this thesis describes the construction of an amperometric glucose sensor 
based on the enzyme glucose oxidase, which is immobilized inside the pores of a track-etch 
membrane. In these pores polypyrrole has been chemically deposited to yield hollow 
conducting tubules. It is shown that glucose oxidase can be immobilized inside these 
conducting microtubules while retaining its catalytic activity. The immobilization of the 
enzyme is based on electrostatic interactions between the positively charged polypyrrole and 
the negatively charged biomacromolecule, and on the complementary dimensions of the 
corrugated interior of the pores and those of glucose oxidase. Glucose is detected 
amperometrically by applying a potential to the membrane and upon oxidation of this analyte 
by the enzyme a current is observed that is proportional to its concentration. The response to 
interfering molecules can be successfully suppressed by applying an additional insulating 
layer to the track-etch membrane composed of an electrochemically deposited polymer 
derived from 1,3-diaminobenzene and resorcinol. In this way a sensor configuration is 
obtained that can be used to continuously measure glucose over a long period of time. For this 
sensor a mechanism of direct electron transfer between the active site of glucose oxidase and 
the conducting polypyrrole is proposed. This process is in competition with another process in 
which the enzyme transfers its electrons to molecular oxygen which yields hydrogen peroxide, 
which is also detected by the sensor. The first mentioned process of direct communication 
between the enzyme and the conducting polypyrrole decreases in time in favour of the second 
process due to degradation of the polymer as a result of the applied potential and the presence 
of oxygen and aqueous buffer solution. To solve this problem, the polypyrrole inside the 
track-etch membrane has been replaced by poly(3,4-ethylenedioxythiophene) (PEDOT) which
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turns out to be a good alternative, displaying a superior conductivity and electrochemical 
stability when compared to polypyrrole. The immobilization of glucose oxidase inside the 
PEDOT nanotubules proceeds in a similar fashion as for the polypyrrole based device, 
yielding a glucose sensor that is stable during continuous measurements for at least one 
month. Based on amperometric glucose measurements which have been performed under 
oxygen rich and inert atmospheres, also for this sensor a working mechanism is proposed in 
which the electrons produced by the enzymatic oxidation of glucose are directly transferred to 
the polymer electrode.
Several routes to improve the sensitivity of the PEDOT glucose sensor have been 
investigated. The electron transfer between the enzyme and PEDOT has been enhanced by 
coupling ferrocene molecules to the glucose oxidase. These molecules act as electron shuttles 
between the enzyme and the electrode. Responses to glucose up to 600 nA/mM can be 
achieved in this way. It was found that the addition of the positively charged polymer poly(#- 
methyl-4-vinylpyridine) during the synthesis of the PEDOT nanotubules increases the 
electrostatic interaction between the enzyme and the conducting matrix. As a result of the 
presence of this polymer an enhancement in glucose response is achieved. Initial studies are 
described aimed at the development of a glucose sensor in which the enzyme is covalently 
linked to the conducting polymer via its lysine groups or via its cofactor flavin adenine 
dinucleotide. For this purpose, a series of functionalized derivatives of PEDOT have been 
synthesized of which the electrochemical behaviour was studied in detail.
The second topic described in this thesis concerns the synthesis and in vitro testing of two 
types of biocompatible coatings. Hybrid silica based sol-gel materials are shown to be 
excellent in vitro and in vivo biocompatible coatings. These silicates are easily prepared and 
their cell proliferation properties can be tuned by the incorporation of different types of 
organic polymers. These coatings have been applied to a track-etch membrane sensor and 
glucose measurements performed in different media have revealed that a dextran sulfate 
modified sol-gel coating is the most promising candidate for application in future in vivo 
measurements A second series of coatings is based on polystyrenes bearing pendant 
tetraethylene glycol and phosphorylcholine groups. Cell culture assays have shown that these 
copolymers are biocompatible as well and that the composition of the polymers has an effect 
on their cell proliferation properties. The presence of tetraethylene glycol groups lowers the
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number of cells grown on the coatings compared to a control surface and the presence of only 
a small percentage of phosphoryl choline groups enhances this effect further.
The factors influencing in vivo glucose measurements in general are investigated in the last 
part of this thesis. In vivo measurements using a percutaneous device as a portal to 
subcutaneous tissue have been carried out which reveal that hydrogen peroxide detecting 
glucose sensors cannot measure glucose in a reliable way. A mechanism is proposed 
involving an induced cellular reaction and adsorption of tissue fluid proteins on the sensor to 
explain the results of these in vivo experiments. The negative effect of serum and 
polymorphonuclear granulocytes on the sensor performance has been investigated in detail. 
The conclusion is that more research is required before an outer coating for glucose sensors, 
which will protect the sensor for large proteins as well as low molecular weight components 
in serum can be developed. These studies support the idea that for a successful further 
development of an implantable glucose sensor, the device should operate via a mechanism of 
direct electron transfer between glucose oxidase and the electrode in order to overcome the 
negative effect of oxidizing molecules in vivo.
157
Samenvatting
Dit proefschrift omvat een multidisciplinaire studie naar de ontwikkeling van een glucose­
biosensor die in de toekomst gebruikt zal kunnen worden voor de bepaling van 
glucoseconcentraties in vivo. Het onderzoek is gericht op drie hoofdpunten: de constructie van 
de sensor, het ontwikkelen van een biocompatibele coating en een studie naar de factoren die 
het in vivo-gedrag van glucosesensoren in het algemeen beïnvloeden.
Het eerste deel van dit proefschrift beschrijft de ontwikkeling van een amperometrische 
glucose-sensor gebaseerd op het enzyme glucose oxidase dat geïmmobiliseerd is in de poriën 
van een track-etch membraan. Pyrrool is chemisch gepolymeriseerd in deze poriën, waardoor 
holle geleidende buisjes ontstaan waarin het enzym fysisch geadsorbeerd is. Bij deze adsorptie 
treedt geen verlies van enzymactiviteit op. De immobilisatie van glucose oxidase is een 
gevolg van de elektrostatische interactie tussen het positief geladen polypyrrool en het 
negatief geladen biomacromolecuul. Een tweede factor die immobilisatie bevordert, is de 
vorm van het enzym die complementair is aan het oppervlak van de geleidende buisjes. Via 
een oxidatieve omzetting van glucose door het enzym, waarbij elektronen vrijkomen, kan de 
glucose-concentratie gemeten worden. Door een potentiaal aan te brengen op het enzym 
bevattende membraan wordt een stroom gemeten die direct gerelateerd is aan de concentratie 
van het glucose. De aselectieve respons van de sensor kan verlaagd worden door deze te 
voorzien van een extra isolerende polymeerlaag, die aangebracht wordt door 1,3- 
diaminobenzeen en resorcinol elektrochemisch te polymeriseren. Met de verkregen sensor- 
configuratie is het mogelijk om gedurende een lange periode glucosemetingen continu uit te 
voeren.
Voor bovengenoemde sensor is een werkingsmechanisme opgesteld dat gebaseerd is op direct 
elektronentransport tussen het enzym en het geleidende polymeer. Dit mechanisme moet 
concurreren met een tweede proces, waarbij de elektronen van het gereduceerde enzym 
worden overgedragen aan zuurstof dat wordt omgezet tot waterstofperoxide. Deze laatste 
verbinding wordt ook gedetecteerd door de sensor. Het eerst genoemde proces van directe
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elektronenoverdracht wordt in de loop van de tijd minder efficiënt als gevolg van de 
degradatie van het polypyrrool. Dit laatste wordt veroorzaakt door de aangelegde spanning en 
de aanwezigheid van zuurstof in combinatie met de bufferoplossing. Om dit probleem op te 
lossen is het polypyrrool vervangen door poly(3,4-ethyleendioxythiofeen) (PEDOT), dat een 
hogere geleiding en een betere elektrochemische stabiliteit heeft in vergelijking met 
polypyrrool. De immobilisatie van het glucose oxidase in deze met PEDOT voorziene buisjes 
verloopt op een manier die indentiek is aan de eerder beschreven, op polypyrrool gebaseerde 
systemen. De verkregen sensor blijkt tenminste 1 maand stabiel te zijn onder condities waarbij 
continu glucose gemeten wordt. Op basis van experimenten uitgevoerd in een zuurstofrijke en 
zuurstofarme atmosfeer wordt ook voor deze sensor een mechanisme voorgesteld waarbij 
elektronen direct van het enzym naar de geleidende PEDOT-buisjes worden getransporteerd.
Om de gevoeligheid voor glucose van de op PEDOT gebaseerde sensor te verbeteren, zijn er 
verschillende mogelijkheden onderzocht. De elektronenoverdracht tussen het enzym en de 
PEDOT-matrix kan worden verhoogd door ferroceen-molekulen covalent te binden aan het 
glucose oxidase. Deze molekulen fungeren als elektronen-shuttles tussen het enzym en de 
elektrode, waardoor de gevoeligheid voor glucose oploopt tot 600 nA/mM. Een andere 
methode die onderzocht is, betreft de toevoeging van het positief geladen polymeer poly(#- 
m ethyl-4-vinyl pyridine) tijdens de synthese van de PEDOT-buisjes. De aldus verkregen 
matrix blijkt een betere elektrostatische interactie te vertonen met het negatief geladen glucose 
oxidase, met als resultaat een hogere gevoeligheid van de uiteindelijk sensor voor glucose. 
Initiële studies gericht op het ontwikkelen van een sensor die enzym bevat dat covalent 
gebonden is aan het geleidende polymeer worden ook in dit proefschrift beschreven. Hiertoe 
zijn derivaten van PEDOT gesynthetiseerd waaraan glucose oxidase via zijn lysine-groepen of 
zijn cofactor flavine adenine dinucleotide (FAD) gekoppeld kan worden.
De tweede onderzoekslijn van dit proefschrift betreft de synthese en de karakterisering in vitro 
van twee typen biocompatibele coatings. Verschillende hybride sol-gel coatings gebaseerd op 
silica waaraan organische polymeren zijn toegevoegd, zijn aangebracht op de track-etch 
membraansensoren en getest met behulp van celgroei-experimenten alsmede 
implantatiestudies. Dit onderzoek toont aan dat de genoemde materialen biocompatibel zijn. 
Metingen uitgevoerd in diverse media laten zien dat sol-gel-coatings gemodificeerd met 
dextraansulfaat de beste perspectieven biedt om in de toekomst als beschermende lagen voor 
glucosesensoren toegepast te worden. Een ander type coating dat tijdens dit onderzoek
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onderzocht is, betreft een materiaal dat gebaseerd is op polystyreen waaraan 
tetratethyleenglycol- en fosforylcholine-zijgroepen vastzitten. Aan de hand van 
celproliferatie- en morfologie-experimenten werd vastgesteld dat deze materialen 
biocompatibel zijn. Tevens werd geconstateerd dat de celproliferatie afhangt van de precieze 
samenstelling van de polymeren. De aanwezigheid van tetraethyleenglycol-groepen blijkt de 
celgroei in vergelijking met een referentieverbinding te vertragen, terwijl een klein percentage 
fosforylcholine-zijgroepen het remmende effect op de celgroei extra versterkt.
Een onderzoek naar de factoren die in het algemeen het in vivo-gedrag van sensoren 
beïnvloedt, wordt beschreven in het laatste deel van dit proefschrift. In vivo-metingen 
uitgevoerd in een zogenaamd percutaan implantaat tonen aan dat glucosesensoren die werken 
door middel van de detectie van waterstofperoxide, glucoseconcentraties in het lichaam niet 
betrouwbaar kunen vaststellen. Mogelijke faalmechanismen zijn onderzocht en worden 
beschreven. Deze betreffen ondermeer de invloed van de geïnduceerde cellulaire respons op 
de sensor en de adsorptie van eiwitten uit het weefselvocht. Het negatieve effect van serum en 
polymorfonucleaire granulocyten op de glucosesensor is in detail nagegaan. Uit deze studies 
blijkt dat implanteerbare glucosesensoren een coating nodig hebben die de sensor beschermen 
tegen zowel hoogmolekulaire eiwitten als laagmolekulaire verbindingen die in serum 
voorkomen.
Het in dit proefschrift beschreven onderzoek toont aan dat voor toekomstige succesvolle in 
vivo-metingen een glucosesensor ontwikkeld dient te worden, die functioneert volgens het 
eerder voorgestelde mechanisme van directe elektronenoverdracht tussen het enzym glucose 
oxidase en de elektrode. Dit om de negatieve effecten van in het lichaam voorkomende 
verbindingen die met zuurstof wedijveren om de door het glucose oxidase geproduceerde 
elektronen, tegen te gaan.
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wil ik in het bijzonder bedanken voor het feit dat ik altijd heb kunnen doen wat ik wilde. 
Helaas heeft mijn lieve vader het afronden van dit proefschrift niet meer kunnen meemaken. 
Als laatste is daar Ilse, met wie ik als U dit leest in het altijd zonnige Californië verblijf, zodat 
we vanaf nu meer tijd voor elkaar zullen hebben.
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